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Amb l'augment del nombre d'automòbils a causa de l'accés de la classe mitjana a 
aquest bé, el sistema públic de ferrocarril va patir una disminució important en el seu 
nombre d’usuaris. Degut a això, els operadors ferroviaris van haver de buscar una 
solució per fer de nou atractiu l’ús del ferrocarril per a la població . 
Una solució a aquest problema són els horaris d’interval regular, o horaris, cadenciats, 
que consisteixen en horaris on els trens arriben i surten de les estacions a intervals 
constants.  Aquest sistema és atractiu tant per als passatgers com per a l'operador 
ferroviari. Per als passatgers, l'horari és fàcil de recordar i ofereix un bon servei tant 
durant les hores punta com vall. Gràcies a la repetició del horari, els operadors 
ferroviaris tenen més facilitat en la planificació dels recursos i poden millorar l'eficiència 
en l'ús del personal, infraestructures i material rodant. Els horaris regulars també 
permeten unes bones connexions entre les diferents línies en les principals estacions, 
de manera que el servei sigui encara més atractiu per als usuaris. 
Es pot observar que la variació del nombre de parades fa variar també la demanda 
d’usuaris. Tenir més parades intermitges entre les estacions principals incrementa el 
nombre d’usuaris potencials en l’àrea on s’ha estès la cobertura, però pot disminuir el 
nombre d'usuaris potencials provinents de les altres estacions a causa de l'augment 
del temps de viatge. 
Per poder crear un horari regular per optimitzar un sistema ferroviari complet i obtenir 
la demanda màxima, es necessita el nombre de parades òptim en funció de la 
demanda total. L'objectiu d'aquesta tesina és analitzar i obtenir un mètode per decidir 
quines parades intermitges incloure en un arc entre dues estacions principals. Aquest 
procediment es pot repetir per a tots els arcs de la xarxa. Un cop obtingut el nombre 
òptim de parades intermitges, és possible obtenir un horari regular per a tota la xarxa 
D'aquesta manera podem obtenir el nombre òptim de parades per cobrir amb un 
determinat servei i després crear un horari regular òptim per a aquest servei específic. 
El procediment per avaluar les parades intermitges es fa amb un indicador que té en 
compte les conseqüències de no donar servei a una parada intermitja d’un cert arc. Ja 
que l'objectiu és aconseguir un servei òptim en termes de demanda, el valor de 
l'indicador es mesura en nombre d’usuaris, i té com a valor la xifra total d’usuaris del 
arc si suprimim una parada. 
Després d’avaluar cada una parada intermitja amb l'indicador, és necessari veure què 
passa si hi ha més d'una parada intermitja que no rep el servei ferroviari. Ja que el 
nombre de diferents combinacions de parades amb servei pot ser molt gran. Es 
descriu també un procediment per escollir les combinacions més interessants a 
avaluar. 
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Gràcies a aquest procés de selecció de combinacions de parades, queda un nombre 
reduït d’opcions a avaluar amb un altre indicador, que igual que el primer, es mesura 
en nombre total d'usuaris. L'últim pas del és decidir la combinació òptima d'acord amb 
el valor de l’indicador combinat, tenint en compte que l'objectiu és maximitzar la 
demanda de tot el sistema ferroviari. 
L’indicador s’ha contrastat i s’ha provat la seva eficàcia en casos extrems idealitzats, 
així com en unes dades fictícies. S’ha vist que per aquest tipus de casos dóna els 
resultats esperats. Posteriorment s’ha usat el procediment amb dades d’una xarxa real 
entre les localitats de Milano i Mortara (Itàlia). Degut a les característiques de la xarxa 
estudiada, la conclusió d’aquest estudi és que el cas òptim per a maximitzar la 
demanda és mantenir el servei en totes les parades intermitges. També hem pogut 
observar que podem reduir fins a tres de les sis parades intermitges reduïnt només un 
16% la demanda. Si fós necessari reduir més parades, per temes econòmics, es 
perdria un 25% dels usuaris quedant-nos amb 2 parades intermitges. 
 




Title: Choosing intermediate train stops adaptative to potential demand in a regular 
timetable service. 
Author: Gemma Anguera Bellet 
Tutor: Francesc Robusté Anton 
With the increase of the number of automobiles due to the access of the medium class 
to that asset, public railway system had an important decrease of their users; therefore 
railway operators had to come up with a solution to make again the service attractive to 
the population.  
A solution to that problem is the regular-interval train timetables, or clock-faced 
schedules, that consist of timetables where trains arrive and depart at constant 
intervals. That system is attractive for the passengers and the rail operator. For the 
passengers, the schedule is easy to remember and it offers good service during the off-
peak hours. Thanks to the repeatability, rail operators have easier resource planning 
and may improve the use efficiency of the staff, infrastructures and rolling stock. 
Regular timetables also make possible good connections between different lines in the 
main stations, making the service even more attractive to the users. 
It is noticeable that the variation of the number of stops causes also the variation of the 
demand. Having more intermediate stops between stations increases the potential 
users in the new areas covered, but can decrease the number of other users because 
of the increase on the travel time between two nodes.  
To be able to create an optimized regular schedule for a whole railway system, is 
needed the number of optimal stops depending on the total demand. The objective of 
that thesis is to analyze and obtain a method to decide which intermediate stops 
include in a certain arc between two main stations. This procedure can be repeated to 
all the arcs in the network. Once obtained the optimal number of intermediate stops, is 
possible to obtain a regular schedule for the whole network  
In that way we can have the optimal number of stops to cover with a certain service 
and afterwards an optimal regular timetable can be created for that specific service.  
The procedure to evaluate the intermediate stops is made with an indicator that takes 
into account the consequences of not giving the train service to a certain intermediate 
stop in the arc. As the objective is to get an optimized service in terms of demand, the 
indicator is valuated in number of users, and is the total amount of users in the arc if a 
stop is removed. 
After evaluating each intermediate stop in the arc with the indicator is necessary to see 
what happens if more than one intermediate stop is not getting train service. As the 
number of different combinations of stops with train service can be such a big number, 
it is also described a procedure to choose the most interesting combinations to 
evaluate.  
Thanks to that stops selection process, we have few options to evaluate with another 
indicator, that as well as the first one, is in terms of the total number of users. The last 
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step is to decide the optimal combination of intermediate stops according to the values 
of the Combinated Indicator, bearing in mind that the objective is to maximize the 
demand for the whole railway system.  
The Indicator has been contrasted and its efficiency has been proved in extreme 
idealized cases and in some random data. For this kind of cases, the procedure gives 
the expected results. Afterwards the procedure has been used with real data from a 
railway line between Milano and Mortara (Italy). Due to the characteristics of the line, 
the conclusion is that the optimal combination to maximize the demand is to keep the 
service in all the intermediate stops. It is also noticeable that reducing up to three 
intermediate stops, there is just 16% of loss in demand. If it was necessary to reduce 
more intermediate stops, for economical reasons, 25% of the demand would be 
reduced giving service to two stops. 
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1. Introduction and objectives 
Infrastructures are an important input for the progress of a country. Its 
development is essential for distributing resources and services to the public. 
Road transport is the main transport mode especially in developing countries, 
where the increase of population and technological progress are directly linear 
with the use of private vehicles. The bad side of that is the increasing of the 
traffic problems like traffic jam, accidents, reduction of the comfort when 
travelling, etc. The use of the train transport by increasing services and 
improving several factors such as safety, comfort and economic, make this 
railway transportation become preferred in many countries as an efficient and 
economic public transportation mode. 
Thus, railway transportation becomes a giant land transport project in 
developed countries. In its initial stage, traditional train was used to travel short 
distances from town to town and with small capacity of freight or passenger. 
With the development of the technologies and the increase of the services in 
that sector made railway operators consider to build faster railway systems. 
Timetables become an important aspect of train operations since they play a 
central role in controlling every aspect of train operations. 
The railway system has two main elements: the infrastructure, which is the 
tracks and the stations; and the trains travelling on that infrastructure. The 
objective of that system is to transport passengers. Those three elements: 
infrastructure, rolling material and demand; interact within themselves 
influencing each other. A good timetable is the key to use properly a railway 
system giving a good service to the users.  
To create the timetables we have to take in consideration the three main 
elements and their interactions. The infrastructure conditions the accessibility of 
the passengers to the service. Also, together with the number of trains 
available, determines the offer, because the speed of service depends on the 
characteristic of the trains and the conditions of the infrastructure (maximum 
speed, single or double railway…). Then the potential clients valuate the offer 
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considering also the price and availability. Gathering together all that 
information is possible to obtain an appropriate schedule for the existing offer 
and demand. 
A regular-interval timetable (regular timetable to simplify), is a timetable for 
public transport with a homogeneous and repetitive service at fixed intervals 
during all the service hours. The elementary time slice is called basic 
framework, which equals the period and usually are 30, 60 or 120 min. That 
basic period is repeated through the daily operational range.  
A clock-face schedule is a regular-timetable with additional constrains: a 
common axis of symmetry for all the lines, balanced transport supply in 
opposite directions and scheduled and guaranteed transfers in major stations. 
The clock-face timetable is much more restrictive than the regular timetables. 
The goal of the regular timetables is to increase the attractiveness for the 
passengers, the infrastructure manager and the train operator. The European 
Union induced the separation between infrastructure management and train 
operations1, and the regular timetables is an advantage for both kinds of 
companies as is a useful tool for an easier planning and avoid favouritisms.  
Traditionally, planning the services comes back to design the transport supply 
according to the demand requirements. This is demand-oriented planning and is 
still the most commonly used approach. Demand-oriented planning is reactive. 
Transport is seen as a service necessary to the society and the economy that 
should be sized according to forecasted demand needs. However, the core 
logic underlying the regular-interval services goes the other way round. By 
providing a consistent and more balanced transport supply across the 
operational time range, planners proceed in anticipation. The result is transport 
supply levels that remain relatively high, even during off-peak periods. That 
supply-oriented planning is proactive. It explicitly recognises that transport and 
                                            
1
 European Council (1991), Council Directive 91/440/EEC of 29 July 1991 on the development 
of the Community's railways, Official Journal L 237 , 24/08/1991, 25 - 28 
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economic development are interdependent, and transport can be used as a 
wedge to steer economic and social evolution along a desired path. 
An important point to bear in mind is that a schedule with a frequency of the 
service higher than two trains per hour can not be considered clock-faced 
schedules. That is because having periods lower than 30 minutes, the waiting 
times in the coincidences are so reduced that there’s no point to guarantee the 
coincidences. There will always be a train arriving in a reduced interval.  
The main advantages of this system for the passengers are, due to the 
repeatability, the constant service during all the day and an easy schedule to 
remember. Thus a time coverage though the day is obtained, offering good 
service also during off-peak hours. Moreover, the service coverage is 
geographically extended, by making possible to transfer in main stations from 
any origin to all destinations. That means that to go to any of the destinations in 
any time, the passenger just needs to know the minute when the train departs 
from his station. The regular timetable minimizes the waiting time during the 
coincidences in the exchange stations. 
For the train operators there are also advantages thanks to the repeatability. 
The resource planning becomes easier and may improve the use efficiency of 
the staff, rolling stock and coordination with the infrastructure manager, 
alleviating the operational tasks and, in doing so, reducing the workload and 
improving the safety. It’s proved to gain in productivity with that rational use of 
resources. 
On the other hand, repeatability has disadvantages, especially for the train 
operator. The service may be oversized during the off-peak and insufficient 
during the peak-hours. This effect gets worst when the demand during those 
two periods has a bigger difference. That disadvantage can be modified in 
different ways. For the peak-hours it can be introduced extra services with 
regular o non-regular schedule. Extra regular services can be more trains with 
subintervals of the existing ones (e.g. 10, 15, 30 min). Or it can be specific 
services for specific users (e.g. for a school zone) with a non-regular schedule. 
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During the off-peak hours we need to have enough demand, commuting, 
occasional or potential. This last one has to be acquired from other modes of 
transport, especially private car.  
Other issues connected with the periodicity are the location of bottlenecks and 
infrastructure requirements, like trains crossing, in particular points, or stressed 
capacity in major stations. 
The variation of the number of stops causes also the variation of the demand. 
Having more stops increases the potential users in the new areas covered, but 
can decrease the number of other users because of the increase of the travel 
time between two stations. The point is to obtain a better timetable regarding to 
the demand depending on the number of stops. Some previous works to obtain 
regular timetables neglect the transport demand or assume it to be fixed, 
ignoring the feedback between the demand and the timetable. 
The objective of that thesis is to obtain a methodology to decide which 
intermediate stops include in a certain arc between two main stations. That 
allows us to optimize the regular timetables for that service seeing how 
increasing or reducing the number of stops, affects to the demand. 
The main task to achieve that objective will be creating an indicator to valuate 
the possible stops between two stations in the study arc. Once evaluated that 
possible stops we will decide a criteria to choose which ones are worth to 
include in our system and which ones should remain out of it to have the 
maximum demand.  
2. State of the art 
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2. State of the art 
2.1. Previous surveys to regular timetables 
Several researches had been made in that field until now. They started after the 
Second World War in Europe where some trains ran with a military timetable 
and that evolved to the regular timetables. The Netherlands, Germany and 
Switzerland were the main countries to develop that system, so we will describe 
the investigations made so far and their applications by countries. Also Italy had 
an early development of that system but in another point of view, so it’s 
interesting to see how was made and were did it get. This division by countries 
is made due to the fact that some countries started the studies because of their 
own needs, even if some years later the researchers developed each others’ 
work and did common investigations, so this geographic division in no longer 
existing.  
2.1.1. The Netherlands2  
The first attempt to use regular timetables was in Holland in the thirties by the 
Nederlandse Spoorwegen (NS). Regular schedules were introduced in the main 
lines of the railway system to optimise the resources influenced by the Second 
World War going on in Europe that forced the country to save resources.  
In the period 1960 - 1980 the Netherlands experienced a huge increase in the 
number of automobiles. This form of transportation was until that period only 
accessible to the wealthier part of the Dutch population, but due to the great 
surge in wealth, the automobile was in reach of more people. This development 
was disastrous for the NS as the growth of passengers stagnated and the 
goods transportation with the train declined. This in combination with the 
increasing labour costs, the NS was on the verge of bankruptcy. The NS could 
have evaluated its network and reject the bad and keep the good performing 
routes. But this would have only delayed the bankruptcy, because the NS would 
                                            
2
 Mok, C. (2007) The key in solving the Rolling Stock Circulation. Business Mathematics & 
Informatics, Vrije Universiteit. 
Choosing intermediate train stops adaptative to potential demand in a regular timetable service 
 
6 
end up with a smaller train network and as a result attracting even fewer 
passengers. 
The Dutch government did not want to give up on the train network for several 
reasons. One of the reasons was that the government could not only rely on 
auto transport, if something were to happen to the roads, it would be impossible 
to travel. And on top of that, the train was invaluable to the citizens who could 
not afford a car. With the financial help of the government the NS was saved, 
but in return the NS has to drastically change its service and show to the 
government that they could be profitable again. 
This drastic change was the timetable Spoorslag ’70. To attract more 
passengers the NS needed to offer a significantly better product than before. 
Some requirements of the Spoorslag ’70 are listed below. 
• Fixed departure time 
• Consistent and improved connections 
• Symmetric lines (traffic going one way follows the same way back) 
• High frequency of stoptreinen (local trains) 
• Network of Intercity trains 
The combination of Intercity trains and local trains were a success due to the 
improved connectivity. The NS could provide a better product and passengers 
were willing to take the train again; in the period 1970-1980 the NS experienced 
an increase in the number of passengers of 20%. Although the costs went up, 
the extra traffic generated by the new network covered a lot of it. The NS had 
introduced other changes to the network in the following years, but the 
Spoorslag ’70 was the most drastic step the NS had made and therefore still the 
most well known. 
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Since the Spoorslag’70, the network gained a large number of stations. The 
number of trains on the tracks increased as well. This was all to cope with the 
number of passengers that the NS had to transport each day. The timetable, 
however, did not suffer any major changes. Soon it was clear that the timetable 
created by the Spoorslag ’70 was outdated and not suitable to deal with the 
scale of the network known today; the punctuality of the trains was declining 




Fig.1: Spoorslag Timetable 1970 – 1971. 
(Source: Mok, C. 2007). 
To improve the punctuality both on the short and long term it was needed to 
change the timetable drastically. This change had a very great impact on the 
existing timetable and therefore the NS announced the new timetable one year 
before it started. Timetable 2007 featured many changes compared to the old 
timetable. Stopover times were increased which made the network more robust 
to disturbances like failing trains or malfunctioning railway switches. Many 
changes to stations and routes were made, so users need to change their usual 
routes and some of them add a connection to their trip. Other changes were, for 
example, the reduction of types of trains. The fast trains (sneltreinen) and 
intercity trains were grouped as intercity trains. The stop trains were replaced by 
the Sprinter. The new timetable aligned more with the train connections from 
the neighbouring countries Germany and Belgium. And at the moment of 
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development, the railway network was also expecting two important new lines; 
the High Speed Line (de Hogesnelheidslijn, HSL) and the Betuweroute, the new 
timetable took these changes into account as well. 
To do so the Netherland Railways together with Railned, the capacity manager 
of the Dutch railway infrastructure, were the first to develop an instrument to 
project a regular timetable called DONS (Design Of Network Schedules). DONS 
is a DSS (Decision Support System) that contains two complementary 
optimization modules which are linked together by a database module and a 
graphical user system interface. The two optimization modules correspond to 
the two steps of the timetable generation process.  
CADANS (Combinatorisch Algebraïsch Dienstregeling Algoritme voor de 
Nederlandse Spoorwegen, translated in English: Combinatorial Algebraic 
Timetable Algorithm for the Dutch Railways)  written by Schrijver and 
Steenbeek, (1994)3, assists the planners to generate a tentative one-hour cycle 
timetable based on the constraints of the network. This means that the 
timetable will repeat itself in the next period; commonly this period is equal to an 
hour. The CADANS module is based, as most cyclic timetabling models, on the 
Periodic Event Scheduling Problem (PESP), initially developed by Serafini and 
Ukovich (1989)4. The algorithm first uses pre-processing to reduce the number 
of variables and constraints, and also to tighten the constraints. Then the 
algorithm enters an iterative procedure, followed by a backtracking procedure to 
fix variables to values. This backtracking procedure is the key to the generally 
excellent performance of the algorithm for most real-life railway timetabling 
instances Furthermore, a procedure for post-optimizing an obtained feasible 
timetable was implemented. In this post-optimization phase the order of the 
trains on the tracks is fixed to the one that was obtained in the initial feasible 
timetable. 
                                            
3 Schrijver, A. and Steenbeek, A.(1994) Dienstregelingontwikkeling voor Railned (Timetable 
construction for Railned). Technical report, Center for Mathematics and Computer Science. 
4 Serafini, P. and Ukovich, W (1989). A mathematical model for Periodic Event Scheduling 
Problems. SIAM Journal of Discrete Mathematics,2: 550–581. ISSN: 1095-7146. 
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STATIONS (Zwaneveld, 19965, 20016), the second optimization module, assist 
in solving the problem of routing trains through a railway station. STATIONS 
considers the stations one by one. The output of STATIONS is a detailed 
assignment of trains to routes and platforms within the observed station. Such 
an assignment serves as a local feasibility check for the tentative timetable 
generated by CADANS. If not all trains can be routed through the station, then 
STATIONS also points at the blocking trains.  
The limitation of this system is that creates an algorithm that just satisfies the 
constrains but hasn’t got an objective function, so it gives all the possible 
solutions but doesn’t define the optimal one. 
Odijk (19967, 19978) developed a branch-and-cut algorithm based on so-called 
cycle cuts to solve the feasibility problem. His algorithm iteratively cuts off 
solutions violating the cycle cuts, which are based on cycles of constraints. His 
objective is to quickly generate a set of feasible timetables in order to be able to 
evaluate candidate infrastructure projects within and around railway stations. He 
obtained good results, but only for rather small instances, i.e., a railway station 
and a relatively small railway network immediately surrounding it. 
In order to cope with the weak Linear Programming relaxation of models based 
on constraints, Schrijver and Steenbeek (1994) introduced a transformation of 
the PESP formulation, whose variables are defined on the arcs of an auxiliary 
graph. This is known as the Cycle Periodicity Formulation (CPF), based on 
cycle bases, and it has been adopted in most of the following approaches. This 
formulation does not use the event times as the decision variables, but the 
process times. Moreover, this formulation uses the fact that the sum of the 
process times along each directed cycle of the so-called constraint graph is a 
                                            
5 Zwaneveld, P., Kroon, L., et al. (1996) Routing trains through railway stations: Model 
formulation and algorithms. Transportation Science, 30(3):181–194. ISSN: 1526-5447 
6
 Zwaneveld, P., Kroon, L., et al. (2001) Routing trains through a railway staion based on a node 
packing model. European Journal of Operational Research, 128: 14–33. ISSN: 1613-9178. 
7 Odijk, M. A. (1996) A constraint generation algorithm for the construction of periodic railway 
timetables. Transportation Research. 30 455–464. ISSN: 1749-4737.. 
8
 Odijk, M. A. (1997) Railway timetable generation. Ph.D. thesis, Delft University of Technology 
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multiple of the cycle time. Later, the German Nachtigall (1996)9 extended the 
CPF to take into account train lines with different periods. Nachtigall and Voget 
(199610, 199711) developed a genetic algorithm and also introduced objective 
functions to discriminate between timetables of different quality: the passenger 
waiting time, the travel time, the rolling stock usage, the infrastructure 
investment, etc... In the following years, this new formulation was used for the 
dutchs Kroon and Peeters (200012, 200313) to develop the CRTM (Cyclic 
Railway Timetabling Model) overcoming the limits of the CADANS, introducing 
the optimization of the solution. They introduced objective functions with 
variable travel times and introducing safety and frequency constrains. This 
results in a higher probability of obtaining a feasible solution. 
2.1.2. Switzerland14 
The first proposal for a full regular timetable in Switzerland was written by 
Samuel Stähli in 1969, but the SFR (Swiss Federal Railways) consider in that 
time that the proposition was not realistic for the configuration of the railway 
system, with many connections. It was just introduced a line-bound regular 
timetable on the regional line Bern-Solothurn. In 1972 Stähli together with other 
two engineers, Jean-Pierre Berthouzoz and Hans Meiner, published a work 
called “The regular timetable in Switzerland – a new concept for the passengers 
transit”15 that showed the interest for a integral regular timetable ad presented 
an example of an schedule adapted to Switzerland. The SFR in 1973 created a 
team to study the viability of the regular system and decided to improve the 
                                            
9 Nachtigall, K. (1996) Periodic network optimization and fixed interval timetables. Ph.D. thesis, 
Deutsches Zentrum für Luft- und Raumfahrt, Braunschweig 
10 Nachtigall, K. and Voget, S. (1996) A genetic algorithm approach to periodic railway 
synchronization. Computers and Operations Research, 23:453–463. ISSN: 1745-7653. 
11 Nachtigall, K. and Voget, S. (1997). Minimizing waiting times in integrated fixed interval 
timetables by upgrading railway tracks. European Journal of Operational Research. 103: 610–
627. ISSN: 1613-9178. 
12 L. Kroon and L. Peeters. (2000) A cycle based optimization model for the cyclic railway 
timetabling problem. Transportation Science, 37:198–212. ISSN: 1526-5447. 
13
 L. Kroon and L. Peeters. (2003) A variable trip time model for cyclic railway timetabling. 
Transportation Science, 37:198–212. ISSN: 1526-5447. 
14
 Hürlimann, G. (1995) The Swiss path to the “Railway of the Future” (1960s to 2000) 
Contributions towards a history of technology of the Swiss Federal Railways. Swiss Transport 
Research Conference. University of Zurich. 
15
 Berthouzoz,J.P., Meiner,H. and Stähli,S. (1972) Taktfahrplan  Schweiz: Ein neues 
Reisezugkonzept, Choindez, 16, p.1 
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capacity of the infrastructures around Olten and Zurich. This work will impulse 
the adaptation to that kind of schedules in the next years. 
Finally, in 1982, a nation-wide integrated regular timetable was introduced in 
Switzerland, which covered all but a few railway and bus lines. The base 
frequency was once an hour. In mid 1984 the General Director of the SFR 
established an expert group under the name "Rail 2000" with a mission to 
develop a new concept that not only improved the main axes, but would 
develop the whole Swiss rail network in the medium to long-term. 
Swiss Federal Railways have adapted their infrastructure in such a way that 
trains need multiples of 30 minutes between hubs, providing good connections 
to all means of transport that run every half an hour, which is the case for most 
lines today. However, on some single tracked lines the published timetables 
may be 30/30 or 60/60 minutes, while the actual timetables are slightly 
asymmetrical, because the passing loops are not positioned ideally. This project 
has been renamed as Rail 2000, Stage 1 and was completed on 12 December 
2004. Its final cost was CHF 5.9 billion (1994 prices), less than the 1992 
estimate for the redesigned project. The Federal Office of Transport (FOT) is 
currently reviewing the differing needs of the cantons and railways for a 2nd 
stage of Rail 2000. This is being considered together with the federal 
government's overall review of funding for ongoing public transport projects, 
including the AlpTransit, high-speed connections to France and Germany and 
the Geneva cross-city line. The 2nd Stage of Rail 2000 is also called "Future 
development of rail projects" (German: Zukünftige Entwicklung der 










Fig.2: Running times in the Rail 2000 system (Swiss Federal Railways) 
(Source: http://de.wikipedia.org/wiki/Taktfahrplan) 
In the Laboratory for Intermodality and Transport Planning at the École 
Polytechnique Fédérale de Lausanne (LITEP-EPFL) many recent studies have 
been made in that field to improve the regular-interval timetables. The topic of 
those studies is to improve the regular-interval timetables since at the beginning 
they have been developed just motivated by operational concerns: repeating a 
given pattern through daily operations both increases the infrastructure capacity 
and smoothes out the operational tasks. Then, separation between 
infrastructure management and train operations required by European 
regulations since the beginning of the 90s, and the progressive introduction of 
competition in the train operations business push more and more infrastructure 
managers to apply regular-interval scheduling of the train paths.  
Several works have been written, like P. Tzieropoulos and D. Emery (2009)16 
about theoretical foundations and policy implications. Also Tzieropoulos with 
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 Tzieropoulos, P. and Emery, D. (2009) Regular-interval timetables: Theoretical foundations 
and policy implications. Swiss Transport Research Conference. Ecole Polytechnique Federale 
de Lausanne 
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Emery (2009) 17 studied the regularity of those timetables with an assessment 
methodology, and with D. Tron (2009) 18he developed a tool to assess 
regularity. The latest research has been focused in the methodology to create 
the 24-hours timetable with a regular timetable to ensure a high regularity of the 
whole system. 
2.1.3. Germany 
Germany was also one of the first countries to introduce the first large-scale use 
of regular timetables19. It was in 1979, in the InterCity network, which provided 
hourly long-distance services between cities. 
Since 1990, most States of Germany have introduced integrated timetables for 
short-distance public transport, running hourly or every two hours, e.g. Allgäu-
Schwaben-Takt in 1993, Rheinland-Pfalz-Takt in 1994 and NRW-Takt in 1998. 
In some areas, local buses are also integrated, e.g. RegioTakt in NRW and in 
parts of Lower Saxony. 
These developments have led to "integrated timetable islands", which all do 
adhere to the Germany-wide symmetry minute, which is used also in 
Switzerland and partially in other European Countries. Major problems exist in 
regions where transport associations of different states interact. In order to 
introduce a Germany-wide integrated regular timetable, the alliance 
"Deutschland-Takt" was founded in 2008. Its goal is to start a discussion about 
a better system for public transport in Germany and to highlight room for 
improvement. The Bundesarbeitsgemeinschaft Schienenpersonennahverkehr 
(BAG-SPNV, an association of railway transport authorities) together with 
Deutsche Bahn AG is currently conducting feasibility studies for a Germany-
wide integrated timetable. 
                                            
17 Tzieropoulos, P. and Emery, D. (2009) How regular is a regular-interval timetable? 
Theoretical foundations and assessment methodology. Swiss Transport Research 
Conference. Ecole Polytechnique Federale de Lausanne 
18 Tron, D. and Tzieropoulos, P (2009) How regular is a regular-interval timetable? An 
operational tool to assess regularity. Swiss Transport Research Conference. Ecole 
Polytechnique Federale de Lausanne. 
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Nachtigall and Voget (1996) were the first German researchers to use PESP to 
create generic resolution algorithm introducing an objective function, minimizing 
the waiting time for the users, to find an optimal solution. They want to find 
optimal schedules in networks with many different stations. Later, Nachtigall 
and Voget (1997) developed a hybrid algorithm to solve the problem in a 
context with two criteria. Taking into account investments in infrastructure over 
improvements in passenger waiting time, they want to guaranty the shortest 
waiting times when passengers have to change vehicles. Waiting times can be 
modified by improving speed time on certain track segments. 
The scheduling models discussed above only consider feasibility. There are 
three main disadvantages based on those models. First one is the theoretical 
point of view, that doesn’t represent the problem. Second one is the infeasibility 
of the obtained schedules generated by the model. And the last disadvantage is 
the non optimal solution, so once we obtain a feasible schedule we can’t know if 
it’s the optimal one. 
Lindner and Zimmermann (2000)20 also studied the PESP as a subproblem for 
constructing cost-optimal railway timetables with the minimum cost scheduling 
problem (MCSP) He developed a modification of the Serafini and Ukovich 
(1989) algorithm, raising or lowering the tensions, that works much faster. 
Further, he investigated the polyhedral structure of the PESP, and proposed a 
Branch & Bound algorithm. 
Liebchen and Möhring (2003)21 used for first time the PESP model for a case 
study in Periodic Timetable for the Berlin Underground (BVG). Until that 
moment, software tools only supported the planners in evaluating a periodic 
timetable, but the designing was largely performed manually. As we said, one of 
the main arguments against optimization was that there’s no clear objective in 
practice, but that many criteria such as amount of rolling stock required, 
average passenger changing time, average speed of the trains, and the number 
                                            
20
 Lindner, T. and Zimmermann, U.T. (2000) Train schedule optimization in public rail transport. 
Citerseer April Issue. TU Braunschweig 
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 Liebchen, C. and Möhring, R. (2003) A Case Study in Periodic Timetabling. Electronic Notes 
in Theoretical Computer Science 92, 1. ISSN: 1571-0661. 
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of cross-wise correspondences had to be considered. The case study 
demonstrated that optimization goals can be met if carefully modelled, and the 
timetables constructed by optimization lead to considerable improvements. The 
approach used the PESP with several add-ons concerning problem reduction 
and strengthening. For any of the criteria, they had been able to identify global 
lower and upper bounds. They obtained a timetable that improved the current 
BVG timetable in each criterion. 
Liebchen (2003)22 introduced the concept of symmetry in the PESP model. He 
gave several motivations why symmetric timetables might seem promising will 
be given. However, he also provided examples showing that symmetry leads to 
suboptimality.  To integrate symmetry into the graph model of the PESP, he 
found many obstacles to overcome. Nevertheless, adding symmetry 
requirements to mixed-integer programming formulations explicit enables MIP 
solvers to terminate earlier with good solutions.  
Later in 2007, Liebchen together with Möhring23 integered important decisions 
of network planning, line planning and rolling stock scheduling into the task of 
periodic timetabling. From such integration they expected to achieve an 
additional potential for optimization. Models were based in PESP so it had to be 
extended by only two features, namely a linear objective function and a 
symmetry requirement. This extensions of the PEST do not really impose new 
types of constrains. Indeed, they are already required even when only planning 
timetables without interaction with other planning steps. Even more important, 
they only suggest extensions that can be formulated by mixed integer linear 
programs.  
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 Liebchen, C. (2003) Symmetry for Periodic Railway Timetables. Electronic Notes in 
Theoretical Computer Science 92, 1. ISSN: 1571-0661. 
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 Liebchen, C. and Möhring, R. (2007) The Modeling Power of the Periodic Event Scheduling 
Problem: railway Timetables and Beyond. TU Berlin. 




In Italy the first regular schedules appeared before any specific study in the 
topic in the country. In the summer of 1985 the line Torino-Milano-Venezia-
Triente and Milano-Veintimiglia was completely changed using the regular 
schedule. They used a symmetric coincidence node in the station Milano 
Centrale, the biggest one of that network. Even if the coincidences were not 
perfect, this schedule changed and the use of new faster trains permit to have a 
big improvement of the service.  
 
 
Fig.3: Marketing leaflet to publicity the new summer regular schedule in 1985 
(Source: Stagni,G. www.miol.it/stagniweb) 
Two years later, in summer 1987 they also adopted Bologna as a node in the 
lines Milano-Roma (where Bologna is in the halfway), the Adriatic line (Bologna-
Bari), the Bologna-Verona-Venezia, and in a less strict measure the transversal 
lines trough the Apennines. Thanks to that new node, the trains travelling 
between Milano and Roma adopted a modern schedule, changing the old idea 
of the three daily train, and also became both of them a zero node.   
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Fig.4: Timetable in summer 1987 where we can appreciate that Milano Centrale and Roma 
Termini are zero nodes. 
(Source: Stagni,G. www.miol.it/stagniweb) 
In the last years they were trying to apply the regular schedules also in a 
regional scale, for a shorter distance trains. In 2000 in Roma it was introduced a 
new network of suburban trains caller FR (Ferrovia Regionale) restructuring and 
reusing old infrastructures. In 2003 they applied that schedules in the province 
of Bologna with the SFS (Servizio Ferroviario Suburbano). In the region of 
Piemonte they introduced the Memorario service, and also in the Toscana 
region. Finally in 2004, using the existing service Passante Ferroviario in Milano 
they establish the Line S, suburban lines, with an increase of the 10% in the 
service and the regular timetables. The last region to get the so called 
Memorario system was Sicily in 2009 even if the railway network is not so 
extended in that territory. 
Even so there are some problems with the regularity of the service due to the 
lack of punctuality of the trains that is the biggest problem for the coincidences 
in the nodes. To try to solve it, travel times have been lengthening to have more 
margins for the coincidences if there are delays. Another big problem for the 
regular schedules is the constant modifications of the timetables because of the 
need to improve the organization, like the staff and rolling stock shifts.  
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In Italy the studies made in that field were held in the Politecnico di Milano. This 
thesis objective came out as a development of several researches started in 
1994 in the Politecnico di Milano. Limongelli and Villa (1994)25 have defined 
some theoretical fundamentals and a methodological iterative pattern and an 
experimental application, reaching satisfactory results but without an automatic 
application. Leone (1998)26 defined the variables, the constrains and the 
objective function of the problem, that is minimizing the waiting time in the 
coincidences. He also introduced the possibility to use the travelling times as 
variables of the problem giving flexibility to the service and more tolerance for 
the users. Cristiano and Rapinesi (2000)27 developed that work creating a 
software to solve that integer programming problem.  
Chierici (2003)28 developed an innovative procedure introducing for first time the 
dynamic input of the demand to create an optimal schedule. Cordone (2010)29 
develops that procedure assuming that the demand is variable depending on 
the offer and solves the optimization problem taking in account the feedback 
between the offer and the demand. This results into a mixed-integer non linear 
model with a non-convex continuous relaxation. He solves it by a branch-and-
bound algorithm based on a piecewise-linear overestimate of the objective 
function and a heuristic algorithm which iteratively applies the standard fixed- 
demand model and a demand-estimation model, feeding each one with data 
based on the solution obtained from the other one at the previous iteration. 
2.1.5. Other countries  
Several other European countries introduced the regular timetables in their 
railway services but following the example of the first countries to develop it, 
that we listed previously. 
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Denmark30 made regular schedules for the entire network in 1974. The Société 
Nationale des Chemin de Fer Belge (SNCB) in Belgium introduced in 1984 the 
regular timetable in all their lines, with different periods from 4 hours to half an 
hour in the main lines around Brussels. Also Luxemburg introduces it in 1984. 
Later, also Austria (1991) and Finland (2003) had a regular timetable for all the 
services. Other countries like Great Britain, Spain, Italy and Sweden have some 
regional or local lines with that kind of timetables, but with simple regular 
timetables, without zero nodes implemented in the network.  
France31 started in 1999 in the region Nord-Pas de Calais, to introduce the 
regular schedule in one line, and they extended that to other lines in other 
regions like Rhône-Alpes (1999) and Midi-Pyrénées (2004). After that previous 
experiences and their success they started to implement the regular schedules 
in a regional level, starting in the Rhône-Alpes region in 2007 with the most 
developed plan, and continued with the Aquitaine and Bourgogne regions were 
in 2007 and 2008 they started to implement the regular schedules in several 
lines and they plan to improve the system to implement it in all lines in a future. 
2.2. Previous surveys to determine access points.  
The aim of that paperwork is to study which stations are optimal to use in a 
service within a network with a regular timetable service for the users. Then, 
knowing the available infrastructure we have to decide which stations we want 
to include to our given service. According to that objective, a research was 
made about that topic.  
Despite the big number of studies to obtain regular timetables, there are a 
significant minor number of studies to determine the number of necessary 
access points to the railway infrastructure. 
Traditionally the station and stops, the access points, were created to give 
service to a certain amount of demand, so during the railway planning, it was 
                                            
30
 (2007) Depuis 1982 la Suisse roule en cadence www.litra.ch Information de presse 6/2007 
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decided where a station was needed. Thus, all stations were used for the train 
service, except for especial services like Intercity or long distance trains, where 
just mayor stations were considered.  
The stations problem has been approached by different points of view, and as 
already said, not many studies has been developed, therefore we won’t divide 
the studies by countries as it was done before, but in chronological order.  
Optimum zone structure during peak periods for existing urban rails 
lines32 
The paper describes ways of improving the service for peak-period travel in an 
existing two track urban rail line. Improvement in this regard means the 
provision of a higher level of service to the passengers and a more economical 
system to the operator. When the trip pattern is characterized as being many-to-
one or one-to-many, this improvement can be achieved by switching from the 
conventional all-stop schedule to a zone-stop schedule. In a zone-stop 
schedule, each train is assigned to a specific zone where it operates local and 
runs non-stop between the first station of the zone and the common origin or 
destination (Central Business District). 
The paper works on obtaining a zone-stop schedule, which optimizes an 
objective function that includes both passenger time costs and relevant rail 
capital and operating costs. Further, several constraints including one that 
ensures that conflicts do not occur are incorporated. 
To do so, it is necessary to determine the zone configuration which minimizes 
objective function. This function represents the total transportation cost and is 
referred to as the “total cost”. It includes the costs of waiting time and riding time 
to the passengers, the costs of dispatching trains and seats and the cost of 
providing and operating train turn-around facilities at the end of each zone. The 
cost of egress time to the passengers and the capital and operating costs of 
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stations are not considered since they are essentially independent of the 
schedule. The rolling stock and the stations are assumed to be fixed. The costs 
are determined for the evening peak-period T. 
Determining the optimum zone configuration includes the determination of the 
number of zones, the stations that belong to each zone and the train headway. 
Dynamic programming principles are employed to determine the optimum 
number of zones, the stations in each zone and train headway while minimizing 
the total transportation cost. The problem is constrained by safety 
considerations, the available fleet-size and by limitations on the value of the 
headway. 
The major problem found with pure zone schedules was the inability to serve 
multiple origins and destinations. Thus zone schedules are inappropriate during 
off-peak periods. This problem can be partially solved during peak periods by 
running an all-stop train, but these solutions are not analyzed in that paper.  
Sensitivity analyses are performed on the model to demonstrate that 
parameters having the most significant influence on the zone structure are the 
cost of dispatching trains, the value of the headway, the time lost at stations and 
the demand pattern. 
Theory and Methodology of Cost optimal allocation of rail passenger 
lines33 
In this paper it is considered the problem of cost optimal railway line allocation 
for passenger trains. A line is a direct railway connection characterized by its 
origin and destination station, its frequency per hour, the route between these 
two stations and the intermediate stops at passing railway stations. The line 
system is the collection of all lines.  
                                            
33
 Claessens, M. van Dijk, N.  And Zwaneveld, C. (1998) Theory and Methodology of Cost 
optimal allocation of rail passenger lines. The Netherlands 
Choosing intermediate train stops adaptative to potential demand in a regular timetable service 
 
22 
The developed method for obtaining a cost optimal line system was designed to 
be used by Railned and Netherlands Railway within the process of generating 
timetables.  
The objective of this study is to investigate the effects on line allocation when 
using a cost approach, as opposite to the allocation of passenger lines used by 
Dutch Railways based on maximizing the number of direct travellers.  
These costs are divided into the following three categories, identical to the 
categories used by Dutch Railways. First category is fixed costs per car of type t 
per hour in one direction including depreciation of stock, cost of capital, fixed 
maintenance costs, and the costs of overnight parking. Second category are the 
variable costs per car of type t per kilometre, that include ticket collectors costs, 
cleaning costs, variable maintenance costs, energy costs, infrastructure costs, 
and mechanics costs. And last category is the variable costs per train of type t 
per kilometre. These costs include the driver, the fixed part for ticket collectors, 
and energy costs. 
A mathematical programming model is developed which minimizes the 
operating costs subject to service constraints and capacity requirements. The 
model optimizes on lines, line types, routes, frequencies and train lengths.  
An algorithm was presented to solve the problem to optimality, based upon 
constraint satisfaction and a Branch and Bound procedure. The results of the 
approach are compared with the results of the direct travellers approach for a 
subnetwork of the Dutch railway system. This comparison indicated a possible, 
substantial cost improvement.  
The usefulness of the model lies not only in the fact that it can be used to obtain 
a cost optimal line system but also be used to determine the costs of an existing 
line system. The model can therefore serve as an aid when choosing the best 
line system from several alternatives  
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A multiobjective model for passenger train services planning: application 
to Taiwan's high-speed rail line 34 
In this paper, it’s presented a multiobjective programming model for minimizing 
the total operating cost of the operator and the total travel time loss of the 
passenger on Taiwan's intercity high-speed rail (HSR).  
HSR systems have been regarded as the intercity passenger transport mode of 
choice for selected corridors or routes of up to about 800 km.  
Despite its proven advantages, the zone-based approach may not be applicable 
to rail lines other than suburban commuter systems. This is because typical 
zoning schemes are specifically suited for a rail line where the majority of 
passenger volume originates or terminates at one or a few city centre stations. 
On an inter-city rail line, the demand pattern of passenger train services is 
many-to-many. For meeting a given travel demand during a given operating 
period, providing only all-stop services will need fewer train trips, thus reducing 
the total operating cost. However, this will increase the passenger's total travel 
time due to additional time required for stops at intermediate stations. If express 
and/or skip-stop services with fewer stops are provided, passengers will spend 
less travel time. This will increase the total operating cost, as more train trips 
are required. 
Clearly, a combination of various service types realized by a train stop-schedule 
plan that makes best trade-offs between the minimum operating cost and the 
minimum travel time loss is required.  
The empirical study conducted on Taiwan's HSR line has demonstrated the 
effectiveness of the model. For a given travel demand, the model can be used 
to determine an optimal set of stop-schedules with or without service types 
specified. The best planning outcome is the optimal plan not constrained by 
specific stop-schedules. In practical planning settings where specific stop-
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schedules are proposed, the closer the proposed stop schedules to the optimal 
set in terms of the number and/or the service type, the better the plan. In 
particular, express services between the two major cities should be provided for 
Taiwan's HSR line. 
As a planning decision aid, the model can be used to examine various planning 
scenarios for practical planning purposes. It has general application in planning 
passenger train services of many-to-many demand on an intercity rail line. 
Design methodology for public transport networks; application to the 
national and interregional rail network of Belgium35 
Public transport system can be subdivided in separate subsystems. Each 
subsystem serves one particular segment of the market of public transport 
users and is preferably designed independently. This allows to address the 
specific characteristics of demand and to safeguard the cohesiveness within the 
subsystem, particularly if different means of transport are involved. 
In the design process two steps can be distinguished. In step 1 ‘Determination 
of the access points’ the location of the stops in the network is established. The 
assumed stop density (number of access points per surface unit) and a ranking 
of possible access points are important decision criteria. In step 2 
‘Determination of the number of links to be included in the network’ a network 
will be built, connecting all selected access points.  
Step 1: Determination of the access points 
As a case study, the network design methodology was used to (re)design the 
national public transport network in Belgium and the interregional public 
transport network in Flanders. To determine the access points (stops in the 
network) the following six consecutive steps were taken. First step is to include 
access points that belong to a higher subsystem to guarantee that subsystems 
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remain linked to one another. Second step is to subdivide the study area into 
nodal areas depending on the level of the subsystem that needs to be 
designed. Third step is about making a ranking of the nodal areas according to 
their importance. The fourth step consists on doing an assessment of the total 
number of access points, dealing with the dilemma of access (stop) density. 
The fifth step is to check on the opening-up function choosing additional access 
points to get the system open up to other areas. And the last step is to include 
stops from outside the study area.  
Step 2: Determination of the number of links to be included in the ideal network 
Given the access density, the in-vehicle travel time can be minimized by making 
detours as short as possible with a high network density but as the number of 
vehicles available for services is constant and limited, this will result in low 
service frequencies on each link. 
In this paper two possible strategies for defining the ideal network are 
presented. First strategy starts with the minimum spanning tree connecting all 
selected access point, and new links are added if some specified maximum 
detour between specific access points is violated. Second strategy assumes 
that a fixed budget is available for the exploitation of services. Again, the 
starting point is the minimum spanning tree and it is possible to add links to this 
network. But as a consequence, the average frequency of services that can be 
offered on the overall network will drop. It will result in an increase of the 
number of passengers on the link and a decrease of passengers on other 
connections.  
The result of the two design steps described above is an ideal network. 
However this does not necessarily match the structure of the existing network. 
Therefore it is necessary to come to a compromise network adjusting the ideal 
to the real one. Furthermore, an important feature of the design methodology is 
that it provides a framework for rethinking the structure of the public transport 
network. Obviously the result of this process always leaves room for 
improvement. 
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3. The regular timetables 
The schedules cover a fundamental role in the definition of a rail service, and 
have a direct impact on their potential for attracting travellers. 
Traditionally, the schedule for a given service was studied with the only purpose 
of covering the maximum amount of demand, without any relation between the 
hours of a train and the next. However, a new approach was adopting a regular 
interval timetable, having the schedules of the trains repeated with a certain 
interval, which can be usually an hour or an integer divisor of it (i.e. 15, 20, 30 
minutes). This implies that schedules are characteristic and easy to remember 
for the user, as outgoing minutes are repeated throughout the day. For example 
if a schedule is 7:17, 8:17, 9:17, etc. it has a period of 60 minutes, and if 
schedule like 8:20, 8:50, 9:20, and 9:50 has a period of 30 minutes. 
 
Fig.5: Example of regular timetables in Milano Centrale station (Italy) 
(Source: Lombardi, R. 2011)36 
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3.1. Main properties 
The regular timetables have two main properties that are characteristic for that 
kind of service. First property is the repeatability in fixed intervals. The intervals 
are the time of a period, and a train schedule is repeated once every interval 
during all the service hours. That elementary time slice, equal to the period is 
called basic framework. That property simplifies the calculation of the schedules 
and other services attached, from a whole day to a reduced interval. Once we 
have the route and schedule for a train in a period, we just have to repeat it 
during all the service hours. 
The other interesting property of the regular timetables is the symmetry: where t 
is the interval between trains, it can be identified in each interval two axes of 
symmetry between trains going in opposite directions. The distance between 
the axes of symmetry is equal to t/2. This principle is applied to any railway 
network with regular and homogeneous service, same stops and travel times. 
This feature is a simple geometric property (as shown in Figure 1) and by itself 
provides no benefit for the user or to the scheduler. But, for a regular service, a 
condition almost essential in a complex rail network is to adopt the same axis of 
symmetry for all services. 
 
Fig.6: Axes of symmetry in trains with period t, going to opposite directions 
(Source: Lombardi, R. 2011) 
If all services share the same axis of symmetry, some selected stations can be 
structured to schedule arrival times concentrated in a few minutes before the 
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chosen axis of symmetry. By the symmetry property, departure times will be 
placed shortly after the axis of symmetry. The result is that a traveller who 
arrives to this station, just waiting for few minutes will have available a variety of 
trains departing to different destinations. 
For example, in the case of referring the axis of symmetry in a station X in the 
minutes :00, if there are three relationships from A, B and C and arrival within 
minutes :52, :55 and :57, departures to the same destinations A, B and C shall 
be, by the symmetry property, in the minutes :08, :05 and :03. Thus, any 
traveller from A who wants to travel to B or C can reach his destination with a 
transfer in X and a limited time. The same result is available for any other 
combination from/to A, B or C. 
A station with a schedule like that becomes an exchange point, and is defined 
as an exchange node. Extending this principle to other stations is possible to 
obtain a network of lines and nodes, where a user can reach any point of the 
network directly or through one or more exchange nodes. 
Even though it is possible to happen that in a node/station some symmetry axes 
coexist with few minutes of difference. The rigorous maintenance of the same 
axis of symmetry is a theoretical case in which the travel times of all 
relationships and in both directions are identical, not only in total, but in all the 
subsections. This condition in real operation happens very rarely, because of 
different reasons. The additional time margins that are added to the real travel 
time are usually not added homogeneously, depending on the kind of train and 
station. Different travel times in the same link but opposite directions because 
of, for example, steep slopes or interactions with other trains not operating with 
the regular timetable system, because of overtaking or crossing manoeuvres 
just in one direction. 
The effects of deviations from symmetry axes may cause the loss of some 
connections or increase of the waiting time, facts that can be reduced in some 
specific connections if they have priority during the planning process. 
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3.2. Graphical representation 
There are many different possible representations for the train schedules, as 
well as the traditional timetables. The advantage of graphical schedules is the 
simplicity to represent and read specific information, depending on who is going 
to use it or what is needed to be represented. According to the needs, is 
possible to use the best representation of the schedules. 
Line Graph:  
The line graph is a simple Cartesian graph, used by all those who deal with 
schedules, to represent the service on a given line between two or more 
stations.  
In that graph we have on the abscissa (the horizontal x-axis) the hours of the 
day; and on the ordinates (the vertical y-axis) the railway line, with its stations. 
 
Fig.7: Example of line graph from Impertia Porto to Savona (Italy) 
(Source: Stagni,G. www.miol.it/stagniweb) 
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Thus, each train is represented by a track, which is a broken oblique line: going 
left to right for trains travelling to the station placed at the upper end of the axis 
y, and going right to left for trains travelling in the opposite sense. As the train 
goes faster, the track is more inclined (tends to the vertical). The stops at the 
stations are represented by horizontal lines. 
Whenever two paths intersect, it means that two trains in opposite directions 
cross each other, and if the line is a single track, the tracks can intersect only at 
the stations, where there’s more than one track and while one is waiting the 
other can cross.  
Despite of the simplicity of the idea, or perhaps because of that, the line graph 
offers a lot of information. If we use different colours, we can further distinguish 
the traces. Usually different colours are used according to the train category 
(regional, direct, Intercity, etc...) But is possible to do the same with the material 
(type of locomotive and carriages) or frequency (trains daily, weekdays, etc...). 
With that simple representation, the railway operator can see clearly which kind 
of trains are running, where they are in every moment and where the 
problematic points are.  
One of the most typical, and complicated, tasks for those who manage the 
rolling stock is to design the shifts, that is the sequence of runs that each stock 
(locomotives, railcar, or entire train) has to do during the day. In addition to 
organizing the daily management of the deposit, the shifts planning is also used 
to calculate how many trains are needed to perform the service on a certain 
line. 
Station graphical timetable 
The classical representation of time in space-time graph is not the best solution 
when working with an interconnected network where connections are the critical 
part, and the plane s-t merely represent a single rail corridor. It is therefore 
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convenient to represent the time in a simple sketch map with some rules, as 
detailed in the following image. 
 
Fig.8: Simple example of a station graphical timetable in Euskirchen station (Germany) 
(Source: http://de.wikipedia.org/wiki/Taktfahrplan) 
This kind of graphic is used to represent a station with its corresponding 
connections, and with the timetable of those connections. Each station is 
represented by a rectangle. Connections with other stations are represented by 
lines. There is no correspondence between lines drawn and real railway 
infrastructure: each line represents a relationship with interval t. According to 
what is represented in the diagram, the two lines that go to the West represents 
two different commercial relations with Kall Gerolstein Trier which trains can 
travel in the same single or double track, or even entirely different lines, 
something that from this representation can’t be deduced (it’s assumed that the 
person who is planning the schedule has that information). Different colours can 
be used to represent different kinds of trains (InterCity, regional, etc.) 
Where each line intersects the rectangle there are two numbers, representing in 
red the arrival minute (anfahrt) to the train station. The number further from the 
rectangle in green represents the departure time (abfahrt). The two numbers 
are usually located in compliance with the direction of movement of trains (on 
the right). For example the train arriving from Bad Münstereifel is at minute 21 
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and departing at minute 33. Within the rectangle can also be continuous lines 
coming to it, to show that a particular train passes through the station and 
continues to its final destination. Getting together more than one station graphic 
we can create the map of all the network with the departure and arrival times in 
all the stations. 
 
 
Fig.9: Example of a network schedule represented with station timetables, close to Hamburg 
(Germany) 
(Source: Lombardi, R. 2011) 
3.3. Nodes 
Symmetry in nodes 
It was already explained that by the symmetry property in the interval t of a 
regular service there are two axes of symmetry. The most common axes of 
symmetry correspond to the minutes :00 and :30. Thus is possible to classify 
nodes in two categories depending on the axis of symmetry where arrivals and 
departures are concentrated. Therefore exist nodes t ( :00 in the case of hourly 
interval) and nodes t / 2 ( :30 for the same hourly interval). 
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Actually, if there is a complex network services with different traffic intensities, it 
also must exist different intervals and axis of symmetry. That shows us the 
importance of choosing that axis of symmetry, because to have a good 
connection, is necessary to have a common axis even for different intervals. For 
example for a 60 minute interval there is a t axis at minute 00 (or 60) and a t/2 
axis at minute 30. For a 120 interval is needed a t axis at minute 00 (or 120) 
and another at minute 60. So in that case there will be coincidences between 
those two services always at o’clock, but with different trains every hour. 
Total and partial nodes 
It isn't always possible to ensure all connections in a station. This is because of 
different reasons. The most obvious and important  reason is that in rare cases 
travel times between node have values of 30 ', 60', 90 ', etc. A total node is 
defined as a node where all connections (or reasonably nearly all) between the 
different services are assured; unlike a partial node, that just part of the 
connections can be assured. This happens because in a complex network with 
different travel times between nodes is almost impossible to have all total 
nodes. That will need many constrictions when calculating the connections so it 
would lead to an undefined solution. Reducing the connections is possible to 
have a defined solution. 
It is noteworthy that the fact that a node is partial doesn’t mean that it can’t be 
effective. Is all about choosing which nodes we want to be total or partial. 
Imagine a simple network of four nodes like the one in figure 10. B and C are 
the biggest nodes, so users from A are mostly going to B and C, as well as they 
do users from D. As link A-D is longer, the most common routes are the ones 
indicated in the figure. In that case, if A and D are not a total node, even if they 
have connections, is not as important as the connections in B and C. This is a 
very simple example but allows us to understand that railway planning is not 
always as strict as it may seem. 




Fig.10: Example network with B and C as total nodes, and A and D as partial nodes. 
(Source: own work) 
Defining nodes 
Explaining the procedure to define nodes in a network, we will see again why is 
almost impossible to have all total nodes in the same network. 
For simplicity, imagine that exchange times at the nodes are zero, period is 60 
minutes, and that all trains can arrive and depart at minutes 00 and 30. 
A train leaving a node must arrive to another node on a multiple of time t/2, 30 
minutes. If the connection is between two kinds of nodes (00 node and 30 node) 
the travel time should be 30, 90, 150 minutes, which is equal to (a·t + t/2) being 
a an integer number. If the connection is between two nodes of the same kind 
(either 00 nodes or 30 nodes) travel time should be 60, 120, 180 minutes, i.e. 
(at). As a general rule, travel time sections with travel times similar to t/2 or 
multiples should be chosen, and then define the nodes and their "categories" 
(00 or 30). Actually, it has to be assured a minimum exchange time in the nodes 
for changing trains, therefore travel times must be strictly below that multiple. 




Fig.11: Example of trouble while defining in a network all 00 or 30 nodes.  
(Source: Lombardi, R. 2011) 
The definition process of stations as nodes is iterative and there is no exact 
methodology for this. Furthermore, in most cases the choice of certain stations 
as nodes depends on factors beyond the mathematical field (including 
environmental, economic, infrastructure capacity, importance of certain 
connection over others, and long-term planning). Indeed, this process 
culminates most probability with the definition of an optimized network among 
several non perfect alternatives, with favouritism for certain nodes/stations over 
others. Even though, we can have some common considerations depending on 
the kind of station  
In big stations there will be trains during all the entire hour because of the big 
number of movements and other operations like maintaining. If is needed to 
minimize connection times, is better to do it just for some specific connections, 
as is very difficult and expensive to concentrate all movements in a short 
interval. An example of a big station schedule can be seen at the beginning of 
that chapter, with the Milano Centrale hourly timetable. 
On the other hand in a small or medium size station that is the intersection point 
of two or more lines, there is a limited number of connections. Time between 
the arrivals and the departures varies depending on several factors like: transfer 
time for the users from one train to another, punctuality, number of movements, 
characteristics of the station, etc. 
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As it was said for big stations, different scenarios are possible depending on 
which are the priority lines. An example of a priority case may be a long 
distance train over the regional ones. In that case, we can give that priority train 
a reduced stop time, and a longer stop time for the other regional trains. In that 
way, all regional trains arrive before, passengers have time to go to the platform 
where the long distance train will stop, and regional trains will also wait for 
passengers coming from long distance train.  
3.4. Advantages 
The successful use of regular timetables is mainly because of two factors: The 
simplicity of the schedule, easy to memorize, and the security of having a 
minimum service during off-peak hours that contributes to make the train a 
feasible option for travelling. However, the arguments mentioned so far are 
more psychological reasons perceived by the users, so let’s see some more 
specific advantages  
Exploitation 
Any public transport is an operating cost for transportation operator, which 
depends among other factors of production in terms of train per kilometre. On 
the other hand the quality of service perceived by the user depends on several 
parameters, including frequency, total travel time, comfort, punctuality, price. 
Therefore it makes sense to study the feasibility of any measure to improve the 
quality of service in relation to operating costs.  
Regular timetables directly influence to the quality of service perceived by the 
travellers, acting on the quality parameters of frequency and total travel time. It 
is also perceived on the operational costs, as regularity of services allow an 
easier planning and a optimization of the resources. 
In addition to these specific advantages quantifiable in concrete values, there 
are other less tangible consequences. The regular schedule alleviates the 
deficiency of public transport versus private car, giving flexibility with more 
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frequency and better coverage of the territory. In fact, improvements in service 
levels are more noticeable in areas with lower frequencies. In contrast, users 
from main stations in a main area may not even notice that improvement as the 
density of services there may be more likely to a metro service. 
Coordination with the local public transport system 
Another aspect to consider is that if there is a commitment to consolidate the 
regular train timetables over the years (examples shown in Switzerland, 
Germany and Holland), local public transport can be coordinated with the 
nodes: other train services, trams, city and intercity buses in transit at the 
station. This aspect, together with adequate information to the potential user, is 
essential, since the introduction of the regular timetables comes together in 
many cases with increased production train per kilometre and the overall 
operating cost, and therefore is wanted also an increased volume of 
passengers. The message send to citizens through a regular timetable service 
is that taking the closest public transport is not just a transport mode but a 
network of interconnected services that allows travelling to all the territory with 
minimum exchanges of modes and good frequencies, especially if passing by 
main nodes. 
Infrastructure development and investment planning 
Having a regular timetable means to have a fixed schedule so it is easier to 
predict where and when are the crossing and overtaking points, or what links 
need shorter travel times to optimize the connection in their nodes. Thanks to 
that is easier to see where investments have to be made. 
If the regular timetable integrates the whole public transport system, it allows 
the different agents to have common goals for public transports and decide 
together on investments in infrastructure and mobility to have a better public 
transport system with a global vision of it for the users. All together is easier to 
identify targets and strategies associated with costs and set priorities.  
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For example, the same reduction of 10 minutes in a connection can be obtained 
with expensive remodelling of an infrastructure, or just changing some 
schedules. On the other hand, expensive investments can be justified to obtain 
shorter travel time, if for example this improvement can reduce from 67 to 57 
minutes the travel time between two points, allowing both to operate as nodes. 
In addition, the regular timetable can be a decision factor to operate on 
maximum speed for high speed trains, where small speed variations imply big 
differences in terms of energy costs. 
3.5. Constraints and weaknesses 
Modulation of transport supply 
For the correct use of a regular timetable is required to be working during all the 
service hours. If the service is calculated with the peak hours needs, we will 
have a bigger supply that demand during most of the day, having huge 
operational costs. On the other side, if we calculated it with the off-peak needs, 
we will have an underestimated supply with huge problems during peak hours. 
The basic regular timetable should be able to cover the average hours offering 
and underestimated service for peak hours and overestimated service off-peak 
hours. That allows giving a good service without huge operational costs but 
needs reinforcement services during peak hours. 
This can be made changing the transport capacity, or with yield management 
strategies. However, even using all possible countermeasures, experience 
shows that the introduction of a regular schedule slightly increases the 
production in train per kilometre. 
Direct Relationships 
The regular timetable may have disadvantages for a particular type of user: the 
ones travelling between two points with a high demand for transport. For him, 
the introduction of a regular service can be irrelevant. In the worst case, he may 
experience a worst service, if the change has affected the travel times of 
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services to ensure the links on some nodes. However, if demand in the corridor 
is enough to divide the offer, express services can be provided in addition to the 
regular timetable. In any case, it is necessary overview the advantages and 
disadvantages: it can be taken a small decreasing of service level for certain 
connections, if the general service level is increased for most of the users. 
Exploitation 
The commitment to ensure connections can lead to a worst punctuality in the 
whole network, if we apply the regular timetables to a punctual network, it will 
remain punctual without affecting the connections, but applying it to a network 
with punctuality problems will have a domino effect to the schedules and delays 
and the regular system will be even a worst solution. 
A crucial factor in the acceptance of the regular timetables system by a potential 
user is the guaranteed connections also in case of delays. This does happen in 
case of long delays for exceptional events, which is considered acceptable that 
the traveller has to wait for the next train, but can become a serious problem in 
case of small but frequent delays (about 5-10 minutes). Ensuring connections 
needs a greater effort to monitor the operations and velocity in problem solving. 
Capability and operating model of the main nodes 
The most relevant problem is that existing infrastructure is not used at 100% 
capacity. A nodal infrastructure begins to accumulate trains between 15-10 
minutes before the axis of symmetry, and emptied again 10-15 minutes after the 
axis of symmetry. During the remaining period, is empty. 
As already said, the problem for nodes in large stations is that is difficult or 
impossible to minimize connection times for the following reasons: capacity 
constraints on the platforms, capacity constraints on the arrival infrastructures, 
long walking distances for passengers getting into the trains and the need of 
bigger margin for exchanging time in saturated nodes.  
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4. Railway planning process 
The process of transport planning deals with the determination of routes 
between an origin and a destination and the assignment of necessary resources 
with regard to the future. So, clearly, the timetable is not the only plan that 
needs to be composed in order to operate a railway system. There are several 
other issues that require planning, and those influence the timetable, or are 
influenced by the timetable. This section describes the major railway planning 
problems and their relation with timetabling.  
At its simplest level, transportation planning is the process of answering four 
basic questions (Meyer and Miller 2001):37 
Where are we now? (Population, land uses, transportation system...) 
Where do we want to go? (Major issues, public outreach results, obstacles, 
opportunities...) 
What will guide us? (Objectives, public opinion...) 
How will we get there? (Estimation, project and program implementation, 
public/private partnerships...) 
In order to answer correctly to the previous questions it is necessary to take into 
account the following facts: 
Transportation planning is a process that affects the whole area. Therefore, we 
must be careful with the problem description, the incorporation of alternative 
viewpoints (of analysis and evaluation), the development of objectives and the 
technical analysis needed to make correct decisions. 
Transportation planning is a dynamic process, the territory is changing 
continuously. Hence, objectives and performance measures must be evaluated 
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periodically in order to know their effectiveness. In the case where these 
measures fail, other measures should be taken to achieve the proposed goals.  
In transportation planning the distribution of land uses in the studied area and 
its surrounding is very important, because this will determine the mobility 
patterns. It is essential to know the distribution of different activities around the 
zone and the future and development plans. 
Transportation planning should assess future opportunities as well as future 
limitations. It should be a proactive analysis. It is a mistake to worry only about 
future problems. Sometimes, a specific alteration of the system can improve it. 
For example, the frequency increase of a line would give more efficient service 
to an airport.  
Infrastructures investments are very expensive, that is why they need to be 
planned. Moreover, in some cases, the planning process must provide 
opportunities for participation to interested groups, such as stakeholders, 
business organizations, system users and concerned citizens. 
Due to the tremendous size and complexity of the railway planning, researchers 
constituted a hierarchical planning concept. Every demand-oriented 
transportation service has to be based on the passenger demand usually given 
by an origin-destination matrix. The subsequent task of line planning determines 
the lines, i.e. the stops, links, and the cycle time of the regular routes. 
Afterwards, in the train schedule planning all arrival- and departure times will be 
fixed with respect to the cycle time of the lines. This raw plan will be refined by 
including operational constraints and temporal variations. Every trip of the 
resulting train schedule requires an engine and several coaches which will be 
assigned in the planning of rolling stock. A similar task, the crew management, 
takes over the distribution of personnel in order to equip each trip with the 
necessary staff, including conductors and engine drivers. Long-term planning, 
like network (re-)design, and the on-line aspect of the execution of the resulting 
schedules are excluded from this simplified scheme. 
Choosing intermediate train stops adaptative to potential demand in a regular timetable service 
 
42 
Figure 12 shows the planning processes for a railway operator, and the time 
dependencies between them. The figure contains a mix of strategic planning 
problems, such as demand estimation and line planning, and more operational 
planning problems, such as rolling stock scheduling and crew scheduling. For 
the latter two, it is essential to also construct a strategic capacity plan, since 







Fig.12: Basic hierarchical planning processes 
(Source: Bussieck 1998)38 
 
The disadvantages of this top-down approach are obvious, because the optimal 
output of a subtask which serves as the input of a subsequent task, will, in 
general, not result in an overall optimal solution. Nevertheless, this hierarchy 
decomposes the planning process in manageable segments and reflects the 
current internal structure of the railway companies. Furthermore, it provides 
integration into the classical temporal division consisting of strategic, tactical, 
and operational procedures 39(Anthony, 1965)  
Operational decisions reflect the day-by-day activities and the disturbances 
when executing the schedules. Tactical planning addresses resource allocation 
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for the period from one to five years ahead. Strategic planning focuses on 
resource acquisition for the period from five to fifteen years ahead. The steps of 
the described planning process for the production plans occur at the tactical 
level, but certain tasks are also used for strategic planning. In long-term projects 
planners have to come to a decision on the strength of the analysis of some 
configurations. In particular, the utilization of planning task at several levels will 
be perfectly clear for train schedule planning.  
 
Planning 
level Time horizon Objective Possible problems 
Strategic 5 -15 years Resources acquisition and development plan 
Line and crew planning 
Rolling stock management 
Tactical 1 – 5 years Resources allocation for and 
optimal train service plan 
Scheduling 
Rolling stock assignment 
Operational 1 day– 1 year 
Timetable generation and 
maintenance and day-by-day 
decisions 
Scheduling details 
Rolling stock and crew 
scheduling 
 
Table 1: Planning levels and its objectives and problems. 
(Source: Anthony, 1965) 
 
A combination of certain planning tasks, e.g. the integrated planning of rolling 
stock and personnel, which we encounter at the operational level for long-
distance traffic planning only, is more customary for urban public transport. Due 
to the smaller size of the problem instances, a mutual planning of lines and train 
schedule or circulation of rolling stock and personnel is possible and provides 
gain in service as well as in operational cost.  
Following we will describe one by one the four processes of the hierarchical 
planning, with their characteristics and the importance in the whole planning 
process 
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4.1. Demand analysis 
The estimation of the demand for railway services is the basis of a railway 
system. Travel demand is estimated as the number of people that wish to travel 
from an origin to a destination. By estimating the travel demand for each 
possible Origin-Destination combination, a so-called OD-matrix of total travel 
demand is obtained. To obtain the OD-matrix for the railway system we have to 
use the transport forecasting procedures.  
Traffic forecasting begins with the collection of data on current traffic. This traffic 
data is combined with other known data, such as population, employment, trip 
rates, travel costs, etc., to develop a traffic demand model for the current 
situation. Feeding it with predicted data for population, employment, etc. results 
in estimates of future traffic, typically estimated for each segment of the 
transportation infrastructure. Traffic forecasts can also be done for other uses 
like calculate environmental impacts such as air pollution and noise. 
Within the rational planning framework, transportation forecasts have 
traditionally followed the sequential four-step model. Land use forecasting starts 
the process. It is a previous process before the four steps of the model. Such 
forecasts provide total control for the local land use analysis. Typically, the 
region is divided into zones and by trend or regression analysis variables are 
determined for each. We analyze socio-economic variables belonging to the 
investigated area, such as population, employment, income level, commercial 
activity, etc. Such data is used to estimate or calibrate the amount of trips 
generated and attracted by each zone. 
The four steps of the classical urban transportation planning system model are: 
● Trip generation determines the frequency of origins or destinations of 
trips in each zone by trip purpose, as a function of land uses and 
household demographics, and other socio-economic factors. 
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● Trip distribution matches origins with destinations, often using a gravity 
model function, equivalent to an entropy maximizing model.  
● Modal choice computes the proportion of trips between each origin and 
destination that use a particular transportation mode. Usually this model 
has the Logit form. 
● Route assignment allocates trips between an origin and destination by a 
particular mode in a route. Often the principle of user equilibrium is 
applied, where each user chooses the shortest path, subject to every 
other driver doing the same. The difficulty is that travel times depend on 
demand, while demand depends on travel time, the so-called bi-level 
problem.  
 
Fig.13: The four step model 
(Source: own work ) 
After the classical model, there is an evaluation according to an agreed set of 
decision criteria and parameters. A typical criterion is cost-benefit analysis. 
Such analysis might be applied after the network assignment model identifies 
needed capacity to see if such capacity is worthwhile. In addition to identify the 
forecasting and decision steps, it is important to note that forecasting and 
decision-making are present in each step in the UTP process. Planning deals 
with the future, so it is forecasting dependent. 
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4.1.1. Land use forecasting 
The four-step forecasting model requires socioeconomic data to predict future 
travel demand and transportation needs. This data is estimated based on future 
land use forecasts, usually with the aid of a land use model. These forecasts 
are based on an array of factors such as demographics, structure of local 
economy, real estate market, land use, growth policies, environmental 
constrains, and so on. The accuracy of a land use forecast affects the accuracy 
of the demand forecast model. This analysis in also used to divide the influence 
area of the transport system in zones that will be the origin or destination of the 
trips, so called transportation analysis zone (TAZ). As travel demand models 
continue to improve, there is a strong desire of planners to improve model input, 
especially due to the lack of reliable statistic on economy. 
 
Fig.14: A study area divided into zones 
(Source: Garber, N.J. and Hoel, L.A., 1999, page 499)40.  
 
                                            
40
 Garber, N.J. and Hoel, L.A., (1999) Traffic and Highway Engineering, Revised 2nd Edition, 
PWS, Pacific Grove, CA.  
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 Normally, a simple representation of the geometry of the available 
transportation systems is included on the map of the study area. A system of 
links and nodes, or a network, indicates transportation routes. Zone centroids 
(centres of activity) are identified too; they are connected to nodes by imaginary 
links called centroid connectors. Centroids are used as points where trips are 
"loaded" onto the network. A diagram of a transportation network is shown 
below. 
 
Fig.15: Diagram of a transportation network.  
(Source: Garber, N.J. and Hoel, L.A., 1999, page 501) 
Land use forecasts have gradually evolved from mainly a manual process to a 
greater reliance on land use forecast models. Existing land use models range 
from rule-based programs that provide information and guidance on the process 
of allocating growth to different subareas, to sophisticated models that 
incorporate economic theories and market mechanisms.  
They also employ a wide range of approaches, such as spatial interaction, 
spatial input-output, linear programming, micro-simulation, discrete choice 
modelling, cellular automata, and rule-based41 (Waddell and Ulfarsson 2004). 
                                            
41
 Waddell, P. and G. Ulfarsson. (2004) Introduction to urban simulation: design and 
development of operational models, Handbook of Transport  Geography and Spatial Systems, 
Choosing intermediate train stops adaptative to potential demand in a regular timetable service 
 
48 
Spatial interaction, spatial input-output, and linear programming models were 
used in the early operational urban models of the 1960’s and 1970’s. Although 
developed in the 1960’s micro-simulation was not applied to urban modelling 
until the 1980’s. In the 1980’s discrete choice models and cellular automata 
became the newest modelling approaches. In the 1990’s, several land use 
models implemented a rule-based set of procedures to allocate population, 
employment, and/or land use on the GIS (Geographic Information System) 
platform. 
4.1.2. Trip generation 
Step one of the process is to determine the number of daily trips that take place 
in the region. This procedure is called trip generation, and it estimates the 
number of trips produced and attracted to each transportation analysis zone 
(TAZ) in the region. Each trip is made of two extremes, one is the production 
and one is the attraction extreme. 
Typically, trip generation analysis focuses on residences, and residential trip 
generation is thought of as a function of the social and economic attributes of 
households. At the level of the traffic analysis zone, residential areas generate 
trips. Non-residential land uses are mostly destinations of trips, trip attractors. 
A set of equations is used to estimate the number of trips produced and 
attracted to each zone based on its residential and employment characteristics. 
The more employment a zone has, the more work trips attracts. And the more 
retail employees a zone has, the more shopping trips are assumed to be 
attracted there. 
Separate generation models are estimated for productions and attractions for 
each trip type. When the trip generation procedure is completed, we have an 
estimate number of trips produced and attracted to each zone. The next step, 
trip distribution, will match up all the trips produced and attracted, creating 
actual trips. 
                                                                                                                                
Volume 5 (Handbooks in Transport). Ed. Hensher, D, K Button, K Haynes and P Stopher. 
Elsevier Science, 203-236 
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4.1.3. Trip distribution 
In step two, trip distribution, the trips "produced" and those "attracted" are linked 
geographically into complete trips. The objective of the second stage is to 
obtain, from the typically defined production-attraction pairs, the origin-
destination pairs. The trip distribution model is essentially a destination choice 
model that generates a trip matrix for each trip purpose, as a function of land-
use attributes and network attributes.  
Historically, this component has been the least developed part of the 
transportation planning model. Over the years, modellers have used several 
different formulations of trip distribution. The first was the Fratar or Growth 
model (which did not differentiate trips by purpose). The next models developed 
were the gravity model and the intervening opportunities model. The most 
widely used formulation is still the gravity model that uses travel time to 
determine the probability of trip making, sometimes stratified by socioeconomic 
variables. With the development of Logit model and other discrete choice 
techniques, new demographically disaggregate approaches to travel demand 
were attempted. By including variables other than travel time in determining the 
probability of making a trip, it is expected to have a better prediction of 
travellers’ behaviour. The discrete choice approach brings the variables inside 
the utility function, and require more information and more computational time. 
At this point in the transportation planning process, the information for zone 
interchange analysis is organized in an origin-destination matrix. On the left 
there is the list of trips produced in each zone. Along the top there is the zones 
list, and for each zone we list its attraction. The matrix is N x N, where N is 
equal to the number of zones. 
Each cell in our table contains the number of trips from zone i to zone j. With the 
fist step we do not have these within cell numbers yet, although we have the 
row and column totals. With data organized this way, our task is to fill in the 
cells for different tables in different times t. 
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Origin\Destination 1 2 3 N 
1 T11 T12 T13 T1N 
2 T21    
3 T31    
N TN1   TNN 
Table 2: Example of origin-destination trip matrix 
(Source: own work ) 
Actually, from home interview surveys we have the information for t = 1. The 
data is a sample, so we generalize the sample to the universe. The techniques 
used for zone interchange analysis explore the empirical rule that fits the t = 1 
data. That rule is then used to generate cell data for t = 2, t = 3, t = 4, etc. 
Where: T
 ij = trips from origin i to destination j. Note that the practical value of 
trips on the diagonal, e.g. from zone 1 to zone 1, is zero since no interzone trip 
occurs. 
The gravity model illustrates the macroscopic relationships between places (say 
homes and workplaces). It has been statused that the interaction between two 
locations decreases with increasing distance, time, or cost between them, but is 
positively associated with the activity at each location. The distance decrease 
factor of 1/distance has been updated to a more comprehensive function of 
generalized cost, which is not necessarily linear. A negative exponential tends 
to be the preferred form. In analogy with Newton’s law of gravity, a gravity 
model is often used in transportation planning. The rate of decrease of the 
interaction (called alternatively, the impedance or friction factor, or the utility or 
propensity function) has to be empirically measured, and varies by context. 
Limiting the usefulness of the gravity model is its aggregate nature. While the 
gravity model is very successful in explaining the choice of a large number of 
individuals, the choice of any given individual varies greatly from the predicted 
value. Applied in an urban travel demand context, the disutilities for the gravity 
model are primarily time, distance, and cost, although discrete choice models 
with the application of more expansive utility expressions, sometimes use the 
income or vehicle ownership. 
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Tij = Trips between origin i and destination j 
Ti = Trips originating at i 
Tj = Trips destined for j 
Cij = travel cost between i and j 
Ki,Kj = balancing factors solved iteratively. 
f = distance decay factor, as in the accessibility model 
4.1.4. Mode choice 
The third step of the modelling process is known as mode choice. The model 
selects the most likely mode of transportation used by the travellers for each 
trip, based on access, traveller’s income, trip purpose, parking costs, fuel price, 
transit fares, travel time, and other time and pricing parameters.  
Among the most important factors in mode choice is average parking costs and 
the time it takes to walk to the final destination from parking spaces or transit 
stops. For public transport users, further assumptions are made about their use 
of bus or rail, and, for rail users, about the stations chosen and the way each 
traveller reaches his or her station. 
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A trip matrix is the input into the mode choice model. The matrix splits into 
separated matrices, one for each mode of transport. These matrices can be 
assigned to the public transport networks to assign passenger flows on each 
section of the public transport service. 
The mode choice factors are arrayed in an equation that estimates the 
probability of each traveller to select each mode, once given the characteristics 
of the mode and the traveller. To evaluate the possible selection of the user we 
use a concept called utility which represents the amount of 'use' you get from 
buying something. The value of the utility can be used to compare different 
commodities. The higher the utility, the more 'use' or benefit you get from it and 
the more likely you are to choose it. 
The concept of utility assumes that you have a method of combining the various 
features (called attributes) of all the alternatives, to give one measure of utility 
which is consistent across all the alternatives within the choices set open to 
you. The concept of utility in mode choice would say that we would consider the 
utility of each mode in turn. The utility for each mode would consist of the 
attributes of each mode which were relevant to the decision making process.  
There are various forms of the mode choice model but by far the most common 
form is the Logit mode choice model. The Logit model states that the probability 
of choosing a particular mode for a given trip is based on its utility. The most 
difficult part of employing the Logit model is estimating the parameters for the 
variables in the utility function. The estimation is often accomplished using one 
or more multivariate statistical analysis programs to optimize the accuracy of 
estimated coefficients for several independent variables. 
The Logit Model is the following, where we obtain Pit as the probability of 
individual t choosing mode i:   
















Uit = utility of mode i to individual t 
Ujt= utility of mode j to individual t 
Sum of eUjt over all modes available is simply the exponential utility added-up 
for all the modes. So if there are two modes you add the two exponential utilities 
together. The Logit model is simply the ratio of the exponential utility to their 
sum.  
The Logit model comes in two main forms: the multinomial Logit model or the 
nested Logit model. The difference is best demonstrated by means of an 
example where there are three alternative modes of transport to choose from: 
car, bus, train. The multinomial Logit model would say that the traveller would 
look at all three modes and choose one of these three. The nested Logit model 
would say that the traveller would choose first whether to go by car or public 
transport and if he chose public transport he would then consider whether to 
choose bus or train. Note that in the nested Logit, the bus versus train choice is 
not even considered if he chooses car. 
 
Fig.16: Nested Logit model where users can choose between private car or public transport, 
bus or train.  
(Source: own work) 
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If we have a trip matrix then we can split it into trip matrices for each mode of 
transport. The calculation is the same as above: calculate the utility, exponent it, 
sum over all modes and calculate the proportion by each mode, apply these 
proportions to the trip matrix to give the number of trips for each mode and write 
these out to the matrix for each mode. This calculation is then repeated for each 
origin to destination zone pair in the trip matrix to give the trip matrix for each 
mode. 
4.1.5. Route assignment 
Once you have determined the number of trips that will enter and leave each 
zone, as well as the transportation modes that the travellers will use, the final 
step in the forecasting of the routes travellers choose to reach their 
destinations. We need to know the number of travellers on each route and link 
of the network to determine facility needs, costs and benefits. Suppose there 
are a network and a proposed modification. We first want to know the present 
pattern of travel times and flows and then what would happen if the modification 
is made. 
This step, known as trip assignment, tells us how many users will travel on each 
network arc and what path they will take through the network. To perform this 
step, the computer model selects the best "path" through the network for each 
type of trip for each of the possible interchanges. 
The minimum path algorithm represents the minimum time path between two 
zone centroids and is assigned all of the traffic volume between that zones. As 
volumes and travel times increase, the results of this method become more 
unreliable. 
Diversion is the allocation of trips to two or more possible routes in a designated 
proportion that depends on some specified criterion. In most cases the used 
criterion is time, although some also use distance and generalized cost.  
Congestion is accounted in this process. For the public transport crowding on 
buses and trains is accounted too, as the capacities of station parking lots are.  
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Route assignment is a process very similar to mode choice due to the fact that 
we can assign each path a utility (depending on travel time, distance and even 
crowding) and evaluate it with the Logit model or the multinomial Logit model 
depending on the number of possible paths.  
4.2. Line planning 
After the OD matrix has been estimated, one proceeds with deciding which train 
connections will be part of the railway system. The set of train connections 
which is operated is called the train line system. A train line is a direct train 
connection between an origin station and a destination station, via a certain 
route. Lines can be divided by types depending of the kind of service that they 
offer. A common division is three different kinds of lines. The intercity type, 
which only calls at the major stations, the interregional type, which also calls at 
smaller but important stations, and the local type, which stops at each station it 
passes. 
For the intercity and local types, the selection of the stops included in the lines 
is not a problem as the interregional ones connect the big stations, and the local 
types connect all stations, by definition of the kind of lines. The decision about 
the stops has to be made when planning the interregional type, when one has 
to decide which stops are important in addition to the main stations. In that kind 
of lines, the selection of the stops and lines system has to be made 
complementary to the schedule planning. In a regular schedule system a line 
consists of a route in the network and a cycle time. Suitable cycle times for a 
fixed period or basic time interval e.g. 60 minutes are those which lead to 
integer frequencies. Probably, after line planning and schedule planning, we will 
have to make adjustments to make both designs optimal for the railway system. 
Although the planning has different objectives depending on the type of line, all 
of them are interconnected as they usually share stations and railroads, but with 
different speeds and kind of users. That means we have restrictions from all 
kind of lines to the others, which we have to take into account when planning.  
Choosing intermediate train stops adaptative to potential demand in a regular timetable service 
 
56 
The line planning problem consists of choosing a set of operating lines to serve 
the passenger demand and to optimize some given objective. Particular focus 
lies on minimizing the inconvenience for passengers in the transportation 
system by maximizing number of direct travellers. However, the process of 
privatization of state-owned railroads enforces the efficient utilization of 
resources. For that objective, cost-optimal line planning is modelled. The overall 
cost of a transportation service is primarily based on the dispatch of rolling stock 
and crew.  
The allocation of lines taking operating costs into account introduces cost 
elements in all the planning process. This approach is translated into a 
mathematical programming model that optimizes on lines, line types, routes, 
frequencies and train lengths. The usefulness of the model lies not only in the 
fact that it can be used to obtain a cost optimal line system but also be used to 
determine the costs of an existing line system. The model can therefore serve 
as an aid when choosing the best line system from several alternatives. Future 
research is directed towards combining our cost approach with the direct 
travellers approach.  
4.3. Train schedule planning 
The generation of a train schedule consists of fixing the departure and arrival 
times for all trains at every station. According to the number of trains that pass 
through a station and their cycle times given by the line plan, the train schedule 
should be designed to minimize the waiting time for passengers that must 
change trains. In order to prevent conflict situations when sharing resources the 
schedule has to take certain operational constraints into account, e.g. different 
velocities, acceleration, deceleration, and turn-around-times. Several 
mathematical models have been proposed for the train schedule problem.  
The realization of departure and arrival times according to the regular cycle 
times is only one part of train schedule generation. The second part, task of an 
experienced human planner, consists of adjusting the proposed regular train 
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schedule to meet a bunch of local requirements (rush hours, splitting of lines, 
etc.) and other peculiarities.  
To obtain a regular timetable we can use the optimization model described by 
Cordone (2010). This optimization model based on the PESP model is called 
Variable Demand Cyclic Railway Timetable Problem (VD-CRTP), whose 
objective is to maximize the total demand captured by the train, taking into 
account the feedback mechanism between the transport supply and the 
demand. This integrated model combines the Cyclic Periodicity Formulation 
(CPF) on the side of the supply, with a discrete-choice model on the side of the 
demand.  
The integrated model is an interesting Mixed Integer Non Linear Problem 
(MINLP), whose non linearity derives from the demand-estimation model, 
whereas the integrality requirement derives from the search for periodic 
solutions. It is a particularly hard problem because, on one side, the PESP is 
strongly NP-hard while, on the other side, the estimate of the demand has a 
non-convex expression. To solve this is applied an exact branch-and-bound 
algorithm to the VD-CRTP. By replacing the non-convex expression of the 
demand with a piecewise-linear overestimate, we obtain an upper bound on the 
maximum achievable demand. Incidentally, the resulting timetable is also 
feasible for the original problem; therefore, feeding it to the discrete-choice 
model produces a lower bound, as well. 
The overall formulation of that model is: 













































































Objective function (1) maximizes the total demand captured by the train. 
Constraints (2), deriving from the Logit model, relate the demand λod captured 
on each O/D pair to the associated total trip time tod. Constraints (3) relate the 
total trip time on a path to the time spent on each arc in the path. The following 
constraints derive directly from the basic CPF. 
Branch and bound is a general algorithm for finding optimal solutions of various 
optimization problems, especially in discrete and combinatorial optimization. It 
consists of a systematic enumeration of all candidate solutions, where large 
subsets of fruitless candidates are discarded en masse, by using upper and 
lower estimated bounds of the quantity being optimized.  
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The particular structure of the formulation is exploited by decomposing the 
problem back into the definition of a regular timetable and the estimation of the 
transport demand. 
Formulation (5-8) is relaxed by replacing the Logit utility function with a 
piecewise-linear overestimate, thus leaving a MILP formulation, which can be 
solved by commercial tools. This provides not only an upper bound on the 
optimum, but also a lower bound, based on which we build a branch and bound 
algorithm. The B&B tree is visited with a best-first strategy, that is, the algorithm 
always analyzes the node with the greatest upper bound value (since it is a 
maximization problem). 
To run this model, we need some inputs from the system, so from the trains 
supply but also from the demand.  For the Logit model we need the attributes 
(trip time, monetary cost, walking time, average waiting time and comfort) and 
coefficients of all the different transport modes considered (bus, car and train). 
Also needed the matrix of the potential demand obtained with the survey and 
used in the Logit model. For the surveys we also need the minimum path for all 
the OD pairs. And finally some inputs from the infrastructure such as the 
stations, stops and links considered, and the lower and upper bounds for the 
travel time in each arc.  
As we already said, as output we will obtain an optimized timetable and the 
demand captured by this specific system.  
4.4. Rolling stock and crew planning 
The trips established by the train schedule must be performed with some 
vehicles (motor unit, coaches) and a crew (conductors, kitchen staff, engine 
drivers). The overall cost of a transportation service is primarily based on the 
dispatch of these resources. Hence optimal assignments play a crucial part in 
efficient transportation systems 
Crew planning is a complex problem, since the crew plan needs to respect 
several complicated labour rules very different from the schedule than the 
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rolling stock can accomplish. Also a delayed arrival of the crew may result in a 
delayed departure of their next train. Furthermore, the crew schedule should 
incorporate various crew member characteristics, such as duty roster 
qualifications, individual requests of crew members, and the past duty rosters of 
crew members. Finally, taking all these rules and characteristics into account, a 
railway operator aims at constructing a crew plan that meets certain objectives, 
such as minimizing the number of duties that cover all the work, or maximizing 
crew satisfaction. 
The next planning problem is the assignment of train units to the train lines in 
the timetable. A railway company typically owns a variety of rolling stock types. 
When each train line has been assigned, is necessary to construct a plan that 
specifies how many units each train consists of. Moreover, a unit does not have 
to be assigned to the same train line for the entire day. Also, each train unit 
needs to be taken out of circulation after having travelled a certain distance, in 
order to be maintained. A final planning phase considers how to adjust the flow 
of train units such that each unit is routed to a workshop when it requires 
maintenance.  
The flow of the overall planning process arises because certain processes 
provide the input for others. However, the planning flow is not as linear as it 
may seem, since feedback loops between the several planning stages exist. For 
example, the timetable may be changed to improve the rolling stock circulation 
or the crew schedules.  
These dependencies between the railway planning processes show the 
importance of timetabling for the planning chain as a whole. If fast methods 
exist to construct good timetables, then feedback can be given quicker. Also, 
any feedback or requested changes from a depending plan can be processed 
fast, which shortens the time span of the depending plan. It can be concluded 
that fast construction methods for high- quality timetables not only shorten the 
timetabling process lead time, but, because of the mutual dependencies with 
the other logistic railway planning processes, they also shorten the lead time of 
the whole railway planning process. 
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5. Choosing intermediate stops in an arc 
The objective of that thesis is to find a procedure to obtain the optimized 
number of stops in an arc between two stations, to attract the maximum 
demand possible, for a specific service level with a regular timetable. In that 
chapter we will obtain an indicator to evaluate the stops and develop a 
procedure to apply it. 
A very important distinction to remark for that thesis is the distinction between 
stops and stations. In the railway system, we have some fixed stations, which 
means, some bigger stations where all the trains will stop and we will call them 
main stations. There will also be some stops, corresponding to smaller towns, 
where the demand of users is substantially minor respect the main stations, so 
there’s the possibility that the trains don’t stop there if because of this, the final 
schedule has a bigger potential demand. 
Changing the number of stops affects the total travel time between stations, so 
it changes the potential demand for the service. If we add more stops, the travel 
time will increase and the potential users who travel between stations without 
using that stops may prefer other means of transport but there will be new 
potential users in that new stops. On the other hand, not using that stops, 
reduces the total travel time for the users between stations but leaves out of the 
system the users from the avoided stops. 
5.1. Obtaining the indicator: 
To evaluate the importance of the intermediate stops we will use an indicator 
that allows us to evaluate if a certain stop i is worth to take in account in the 
railway system or not. 
We consider a system consisting of two main stations, a double binary line that 
connects them and a group of intermediate stops between the main stations. 
This system is part of a network, but to simplify the study we just study the 
effects in one arc to afterwards apply the results to the whole railway network. 
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The study is for a certain category of trains that have the advantage of running 
with a regular schedule. We are not studying the other possible categories of 
trains in that system, for example Intercity trains that connect the main stations 
or extra trains during peak hours that connect all the intermediate stops. 
The evaluation will be done removing a certain intermediate stop i and see the 
value of the indicator for that situation. As the objective of the study is to see the 
optimal combination of stops in terms of total demand, the indicator will be also 
in terms of demand.  
Removing an intermediate stop affects in different ways the passengers 
demanding the service. First of all, we have the users that pass through the 
stop, so they use services going through the stop but they don’t start or finish 
their trips there. There will be some users that wouldn’t be affected for that 
change as the removed stop is not in their route. And finally, the last kinds of 
users are the ones who actually use the stop as origin or destination of their trip. 
For the users not using the stop, there will be a time saving equal to the 
stopping time, so called tstop. On the other hand, for the real users of the station, 
there’s an increase of the total travelling time due they have to change the 
arrival or departure stop to the closest one if they want to continue using the 
train as a transport mode. 
We will consider that there are three options for the users to get their 
destination: private transport, that is car, or public transport using buses or the 
railway system. We also consider that the offer is described by a discrete choice 
model, a Logit model to be precise. As it’s mentioned in chapter four, the Logit 
model is a utility model to represent the modal chose. For the Logit model the 
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We can identify in that utility model two different variables; the ones represented 
by β, called coefficients, and the other ones that are the real explanatory 
variables. The explanatory variables can assume different values depending on 
the scenario, but the beta coefficients are defined once by the calibration of the 
model. Stated preference surveys are used to obtain that calibration, which is a 
tare of the model to represent the reality as good as possible.  
The explanatory variables for the car mode are:  
TTc: travel time between an origin and a destination 
Cc: costs of the journey, which includes fuel plus eventually parking costs 
For the bus mode the variables are: 
TTb: travel time between an origin and a destination 
CRb: crowding of the bus: number of days in a week that the user can’t seat in 
the bus. 
RTb: access or egress time to the station, using always the worst value. 
Pb: ticket price for either ways or the monthly ticket divided by 22 days 
And for the train mode, we have the following variables, the same that we have 
for the bus mode, as both are public transport modes: 
TTt: travel time between an origin and a destination 
CRt: crowding of the train: number of days in a week that the user can’t seat in 
the train 
RTt: access or egress time to the station, using always the worst value. 
Pt: ticket price for either ways or the monthly ticket divided by 22 days 
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The removal of the station introduces changes in the probability of choosing the 
train mode. For the users not arriving or departing from the removed station, 
there’s a reduction of the travel time by train equivalent to the stopping time, 


















For the users of the removed station the consequence is an increase on the 
access or egress times to the station. We will introduce that increase in the 
probability formula as an added term ∆RTt in the correspondent access or 
egress time, so we will obtain (RTt+∆RTt). The probability of the users taking 


















We have to take into account that these users won’t use anymore the removed 
station as it doesn’t have the service, but in some cases we will keep in our OD 
matrix the correspondent line and column to be able to count the users from 
that origin or to that destination still using the service from other station. We will 
see later on, in which cases we count or not the users in the total number of 
passengers. 
Once we introduced the probability of using the train and its variations because 
of the removed station, we can describe the indicator. 
As our objective is to obtain the optimal stations maximizing the number of total 
users, we will use as indicator the total number of users attracted to the service 
when removing a stop.  
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The indicator will be a representative number for each stop, so we have to 
calculate it for all the stops in the arc. The procedure to obtain the indicator 

















STATION 1 0 7.848 4.243 6.003 8.231 7.852 6.241 9.681 50.099
A 6.078 0 44 1.122 2.332 1.770 859 4.099 16.304
B 6.621 872 0 2.305 516 3.652 3.742 1.750 19.458
C 4.673 3.998 1.008 0 1.718 4.213 1.777 3.364 20.751
D 8.689 308 742 2.355 0 1.237 2.769 1.594 17.694
E 2.125 2.300 3.496 4.766 20 0 3.285 3.670 19.662
F 8.476 2.348 266 2.174 1.112 2.458 0 1.360 18.194
STATION 2 8.375 5.750 6.526 4.168 6.209 2.963 5.803 0 39.794
TOTAL 45.037 23.424 16.325 22.893 20.138 24.145 24.476 25.518 201.956
 
Table 3: Example OD matrix of potential users. 
We will apply the modal choice model to that matrix to obtain an actualized 
matrix of train users for each origin-destination pair. As it was described in the 
previous chapter, to do so we need to multiply the potential number of users by 
the probability of choosing the train. That means we have to multiply each 
element of the OD matrix by the correspondent probability. There are three 
different probabilities depending which is the removed stop and how the users 
are affected by it.  
To describe the data and make the calculations more comfortable is better to 
organize the data by matrix too. The data used in the calculations, apart from 
the OD matrix of potential users are: 
 The beta coefficients for the tree transport modes (one value for each 
coefficient) 
 The explanatory variables for the transport modes (one matrix for each 
variable) 
 The values of tstop and ∆RT for each stop that can be removed (one value 
for each i stop) 
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With that data we can obtain matrixes with the different probabilities using the 
different variables for each OD pair. That matrix structure simplifies the 















STATION 1 0,552 0,588 0,589 0,480 0,519 0,586 0,650
A 0,552 0,455 0,490 0,555 0,627 0,658 0,687
B 0,588 0,455 0,454 0,525 0,711 0,659 0,689
C 0,589 0,490 0,454 0,490 0,555 0,700 0,658
D 0,589 0,555 0,525 0,490 0,524 0,555 0,589
E 0,627 0,627 0,589 0,555 0,524 0,489 0,525
F 0,688 0,658 0,659 0,627 0,555 0,489 0,489
STATION 2 0,743 0,687 0,689 0,658 0,589 0,525 0,489
 
Table 4: Example of probabilities matrix 
The result of multiplying each OD pair by the correspondent probability is 
another OD matrix with the number of train users after removing the stop. We 
can obtain one of these matrixes for each stop, and from that matrix we can 
obtain easily the number of total users of the service, that we will call it Ii for 

















STATION 1 0 4.698 2.112 3.805 4.339 4.443 3.940 6.695 30.032
A 3.639 0 0 604 1.404 1.187 601 2.979 10.414
B 2.700 0 0 0 180 1.981 1.804 903 7.568
C 2.962 2.150 0 0 924 2.535 1.313 2.355 12.239
D 5.514 186 259 1.266 0 707 1.665 1.012 10.609
E 1.424 1.542 1.431 2.868 12 0 1.763 2.100 11.140
F 6.165 1.643 129 1.458 669 1.319 0 730 12.113
STATION 2 6.511 4.179 3.952 2.917 3.940 1.696 3.115 0 26.310
TOTAL 28.915 14.398 7.883 12.918 11.468 13.868 14.201 16.774 120.425
 
Table 5: Example of train users OD matrix if removing stop B 
In the example above stop B was removed, multiplying the number of users with 
origin or destination in B by the probability PRT[t], as the users will have an 
increase of the access or egress time of that stop. We have to keep in mind that 
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there’s a group of users that won’t use the train as a mode of transport as there 
is no such service. In the example this users are the ones going from/to stop B 
from/to the neighbouring stops A and C. In that cases they must use another 
kind of transport to do that trip.  
In the matrixes the indicator is the number in the right-bottom cell, in the 
example is IB = 120.425 people.  
5.2. How to use the indicator: 
Describing the indicator for one station, we have seen how this gives us the 
number of total users in the train line if we remove that station. But in the arc 
between two stations there’s more than one stop, and the number of possible 
combinations of removed stops can be very big if there are many stops. To 
optimize the choice of the best combination, we will describe a procedure where 
the number of combinations is reduced to the number of stops. Said procedure 
has three steps: 
a) Calculate the indicator for all the stops. 
Having S stops, we calculate for all of them their indicator Ii, as we defined it 
before. We obtain all Ii indicators for i=1..S, and with that we can see the 
stations that provide a smaller loss of train users when they get the train service 
removed. We will be interested in removing from the system the stations with 
smaller indicator, so smaller total train users.  
b) Ranking stops by number of users. 
To decide which stations are worth to maintain with the service, we will order 
them by the value of the indicator, from smaller to bigger indicator. In that way, 
we see immediately the first necessary stops to be removed. 
To make it simpler, we will give to each stop i, the number of their position in the 
ranking. The stop with the highest number of users will be stop number 1, and 
the stop with less users will be the stop number S. We give that order because 
the stop with the highest indicator means that removing that station; we have 
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anyway a big demand of passengers. And a stop with a low indicator means 
that removing that stop we have a big loss of passengers. 
Stops Indicator Ranking Variation %
A 114.776 6 -4,04
B 120.425 1 0,69
C 117.483 3 -1,77
D 119.532 2 -0,06
E 117.420 4 -1,83
F 115.606 5 -3,34
None 119.603
 
Table 6: Stops ranking example depending on the indicator and the variation of number of 
users. 
In the previous table we can see an example of six stops with their indicator, 
position in the ranking and the variation of number of users compared with the 
system with none of the stops removed. As we can see, the first stop in the 
ranking is the one with a positive variation (is better to remove it) and the others 
have decreasing variations. A bigger negative variation means is worst for the 
system to remove that station. 
c) Combine more than one removed stop. 
With the mentioned indicator we can know how many users will use the service 
if we remove one stop. But what happens if we remove more than one stop? 
Removing another station influences the total number of users. Is needed to 
combine all the removed stations to obtain the real number of users. 
We will name this the combined indicator CIi and it will be the result of removing 
more than one station. The CI for station i, means that we removed all stations 
from 1 to i, so is the total number of train users without i stations. In that way we 
don’t obtain all the possible different combinations of stops, because this would 
be such a big amount of possibilities, but we have the most interesting 
combination for each different number of stops.  
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To obtain this Combined Indicator, we will do the same previous procedure to 
obtain the OD matrix of users, but removing more than one stop, so more than 
one line and one column will be affected by the probability PRT[t].  
To simplify the combination of stops we have to be careful because a group of 
users won’t use the train system after removing some stops. There are some 
origin-destination pairs where we need to set number of users to zero, as there 
isn’t such train service or it is not logical that users use the train. This 
suppositions are: 
- If both origin and destinations stops are removed and users had to use 
different stops in both cases having double increase of RTt.  
- If the two neighbour stops are removed too and used had to travel further 
to take the train, we assume is such a big increase of the RTt than users 
won’t choose the train mode. 
- If users from a removed stop have to travel to a neighbour stop they can’t 
















STATION 1 0 4.335 2.112 0 3.213 5.150 4.460 7.418 26.688
A 3.357 0 0 0 877 1.325 664 3.261 9.484
B 2.700 0 0 0 0 1.981 1.804 903 7.388
C 0 0 0 0 0 0 0 0 0
D 3.555 116 0 0 0 0 1.040 653 5.364
E 1.590 1.721 1.431 0 0 0 1.607 1.928 8.277
F 6.746 1.815 129 0 418 1.202 0 666 10.976
STATION 2 7.004 4.574 3.952 0 3.100 1.557 2.840 0 23.027
TOTAL 24.952 12.561 7.624 0 7.608 11.215 12.415 14.829 91.204
 
Table 7: Example of train users OD matrix if removing stops B, C and D. 
Once having that list of combinations, we can choose the one with the higher CI, 
as this will be the combination with a maximum total demand. For the example 
below, the best combination is removing just stop B to obtain more than 
120.000 passengers. It is also noticeable that this option is the only one with a 
positive variation of the number of users compared with the option of removing 
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none of the stops. Apart from that variation is interesting to take a look at the 
other variation percentages and see how removing three stops there is a big 
increase of the percentage and also removing all of the stops there is a huge 
loss of users. 









Table 8: Example of the best combinations, according to the ranking, their Combinated 
Indicator and the variation of number of users.  
5.3. Contrasting the indicator 
Is it necessary to contrast the effectiveness of the indicator to believe we can 
trust it and the results obtained with it. A theoretical contrasting of its behaviour 
in some extreme cases is needed, in order to see that in normal cases it will 
have an appropriate behaviour. We will also contrast the indicator in front of the 
most important variables that we introduced in the model, that are the stopping 
time and the increase of the access/egress time. 
The tests will be done in a small system with three intermediate stops (A, B and 
C)  in an arc between a CBD and another station. The contrasting will be done 
in idealized cases of having one of the intermediate stops much bigger than the 
other two, so the result should be that the biggest stop gets train services but 
the other two need to be removed.  
In the next tables we can see the three cases, one for each intermediate stop 
being the biggest one. First table shows the indicator for each removed station, 
its ranking that is the order to be removed and the variation of number of users 
comparing it with and arc where none of the stops are removed. Second table 
shows the Combinated Indicator for the correspondent combinations of 
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removed stops, and again the variation of number of users comparing it to an 
arc where none of the stops are removed. 
Stops Indicator Ranking Variation %
A 4.247 3 -20,76 
B 5.801 1 8,23 
C 5.794 2 8,10 
None 5.360
 
Table 9: Indicator, ranking and variation of users for each removed stop when A is the biggest 
stop 
Combinations Combinated Indicator variation %
B 5.801 8,23 
B+C 6.075 13,34 
B+C+A 4.857 -9,38 
None 5.360
 
Table 10: Combinated indicator and variation of users for best combinations of removed stops 
when A is the biggest stop. 
Stops Indicator Ranking variation %
A 5.930 1 9,45 
B 5.275 3 -2,64 
C 5.850 2 7,97 
None 5.418
 
Table 11: Indicator, ranking and variation of users for each removed stop when B is the biggest 
stop 
Combinations Combinated Indicator Variation %
A 5.275 -2,64 
A+C 6.329 16,81 
A+C+B 5.874 8,42 
None 5.418
 
Table 12: Combinated indicator and variation of users for best combinations of removed stops 
when B is the biggest stop 
Stops Indicator Ranking variation %
A 5.890 2 9,52 
B 5.901 1 9,72 
C 4.801 3 -10,73 
None 5.378
 
Table 13: Indicator, ranking and variation of users for each removed stop when C is the biggest 
stop 
Combinations Combinated Indicator variation %
B 5.901 9,72 
B+A 6.374 18,52 
B+A+C 4.680 -12,98 
None 5.378
 
Table 14: Combinated indicator and variation of users for best combinations of removed stops 
when C is the biggest stop 
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Is remarkable that in all cases the best combination is removing the two small 
stations and giving service to the biggest one. This is the logical conclusion we 
wanted from our procedure, thus we can say it has an appropriate behaviour. Is 
it also noticeable that in all three cases the increase of number of users 
comparing to the original situation with all three stations is at least of 13,40%. 
Next contrasting will be with the variable tstop that was included for the users that 
cross the station, so they have a reduction of their travel time if a stop in the arc 
is removed from the service. We wanted to check what happens when he value 
of this variable changes. The theory makes us think that a variable with a small 
value will be beneficial for the users passing through the stop, as they will be 
less affected by the intermediate stops. This will make the intermediate stops 
interesting for the system as they can attract more demand from the new stops 
without losing users from the stations.  
In the next tables we can see the same information shown in the previous 
tables, in the case of having a small and a big value for the tstop variable. 
Stops Indicator Ranking Variation %
A 3.725 3 0,40 
B 3.738 1 0,75 
C 3.730 2 0,54 
None 3.710
 
Table 15: Indicator, ranking and variation of users for each removed stop when tstop = 0,5 
minutes. 
Combinations Combinated Indicator Variation %
B 3.738 0,75 
B+C 3.761 1,37 
B+C+A 3.766 1,51 
None 3.710
 
Table 16: Combinated indicator and variation of users for best combinations of removed stops 
when tstop = 0,5 minutes. 
Stops Indicator Ranking Variation %
A 4.070 3 9,70 
B 4.081 1 10,00 
C 4.074 2 9,81 
None 3.710
 
Table 17: Indicator, ranking and variation of users for each removed stop when tstop = 5 
minutes. 
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Combinations Combinated Indicator Variation %
B 4.081 10,00 
B+C 4.412 18,92 
B+C+A 4.680 26,15 
None 3.710
 
Table 18: Combinated indicator and variation of users for best combinations of removed stops 
when tstop = 5 minutes. 
Taking a look at the results from the tables, we can confirm the suppositions we 
made before. For the first case, the removing of every stop affects in a similar 
way to the results, with a very small variation of the number of users, as the 
ones travelling between the CBD and the station are not affected for the 
intermediate stops. But in the second case, where the stopping time is 5 
minutes and the travelling time between every stop is 3 minutes, the influence 
of the intermediate stops is very big. We see this clearly when removing all 
three stops and the number of users increases more than 25%. 
Last contrasting done is with the stopping time variable. For this case we 
increased the number of users in the intermediate stops, as is a variable this 
number, so we can notice better its variation. The consequences of increasing 
the access/egress time have to be reflected on the number of users of the 
intermediate stops, but don’t affect the other users. With a big access/egress 
time users from intermediate stops won’t use the train mode, and the opposite 
for small times. Then, when removing an intermediate stop, if the access/egress 
time is small the indicator will be bigger than if it is big. Even though, the 
variation won’t be big because of most of the users are not affected by this 
variable. 
Stops Indicator Ranking Variation %
A 4.692 3 2,40 
B 4.834 1 5,50 
C 4.772 2 4,15 
None 4.582
 
Table 19: Indicator, ranking and variation of users for each removed stop when ∆RT = 1 
minute. 
Combinations Combinated Indicator Variation %
B 4.834 5,50 
B+C 5.045 10,10 
B+C+A 4.946 7,94 
None 4.582
 
Table 20: Combinated indicator and variation of users for best combinations of removed stops 
when ∆RT = 1 minute. 
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Stops Indicator Ranking Variation %
A 4.616 3 0,74 
B 4.703 1 2,64 
C 4.646 2 1,40 
None 4.582
 
Table 21: Indicator, ranking and variation of users for each removed stop when ∆RT = 15 
minutes. 
Combinations Combinated Indicator Variation %
B 4.703 2,64 
B+C 4.782 4,36 
B+C+A 4.771 4,12 
None 4.582
 
Table 22: Combinated indicator and variation of users for best combinations of removed stops 
when ∆RT = 15 minutes. 
The previous four tables are the prove that our suppositions about the variation 
of the access/egress time were right. Indicators for cases with bigger times are 
smaller, because users from intermediate stops refuse to use the train mode. 
But even that, as most of the users are not affected by the variation of this 
variable, the percentage of users increased is not big. In this example, the 
maximum variation of the indicator is 5,5 % in the case of ∆RT = 1 minute, but it 
is reduced nearly half variation in the case of ∆RT = 15 minutes.  
After the contrasting of the important variables in the indicator and testing that it 
works in idealized cases we can use it to apply the procedure to real world data. 
This step will be done in the next chapter. 
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6. Application to a real case 
After testing the indicator we can now apply it to an example with real data. We 
will use the data obtained from a study made by the Politecnico di Milano in 
199942. The responsible of the project was the professor Roberto Maja, who is 
also the responsible of the subject “Transport Planning” and introduced it there 
as a case study.  
The study is the analysis of the modal distribution and the service sizing for the 
train line between Milano and Mortara of the Italian Ferrovie dello Stato, located 
in the Lombardy region, in order to strength the service. 
 
Fig.17: Location of Lombardy region in Italy. 
(Source: http://en.wikipedia.org/wiki/Lombardy) 
                                            
42
 Maja, R. and Daleno, M. (1999) Analisi della ripartizione modale. Ipotesi di carico della rete e 
dimensionamento del servizio. Accordo di programma per la riqualificazione e il potenziamento 
della linea ferroviaria Milano-Mortara. IReR – Istituto Regionale di Ricerca. 




Fig.18: Location of Milano and Mortara in the Lombardy region. 
(Source: Google Maps and own work) 
 
Fig.19: Location of the train line Milano – Mortara and its stops. 
(Source: Google Earth and own work) 
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Below there’s the list of the different parts which the study was divided into, to 
analyse the modal distribution: 
● Classification and zoning of the area, 
● Preliminary analysis of the demand on the basis of ISTAT 91 (Italian 
National Institute of Statistics) 
● Setting of the surveys 
● Examination of the results of Stated Preferences Survey 
● Analysis of data collected through the Revealed Preferences Surveys 
● Definition of preliminary design alternatives.  
● Description of the obtained results. 
In the next sections we will describe the data used from the mentioned study, 
the application to the created indicator and the analysis of its results with real 
data. 
6.1. Data 
The study area consists primarily of eight municipalities served directly from the 
analyzed railway, municipalities in group 1. Four municipalities are added, but 
they don’t have stations or stops, but in their territory the rail settles, 
municipalities in group 2. Nineteen municipalities fit, or under certain conditions 
could possibly fit, in the influence area of the rail service because their 
inhabitants are current or potential users of the railway, municipalities in groups 
3 and 4. 
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● Group 3: 
Besate 
Buccinasco 























Robecco sul Naviglio 
Vittuone 
 
The project has also introduced a subdivision of the study area in the following 
two sub-areas or basins of transport that take into account the structure of 
urban and land settlements: 
● Metropolitan Area (MA): consists of towns between Milano and Gaggiano 
and is characterized by a high population density, due to a continuous 
residential conurbation from Milano to Trezzano S.N. and a constant 
concentration of factories from Milano to Gaggiano, located mostly near 
the station; 
● External Area (EA): includes the remaining towns with typical agricultural 
characteristics, low population density and few centres with very large 
significant territorial functions, in terms of services and productive 
activities.  
From the surveys made during the study, two kinds of data were obtained that 
will be useful for us. From the Revealed Preferences surveys we will use the 
origin-destination matrix with the real users demand in the moment of the study. 
And with the Stated Preferences surveys they obtained the beta coefficients 
from the calibrated Logit model, needed to obtain the future demand depending 
on the different scenarios. 
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Next we can see the OD matrix between the two stations of the arc, Milano and 
Mortara, with the stops in group 1 towns. This matrix is based on the study of 
the demand done by the ISTAT in 1991, and represents the total commuter 


















































MILANO 0 9.249 4.759 1.338 822 171 14 141 16.494
CORSICO 25.154 0 1.857 441 185 15 0 10 27.662
TREZZANO S.N. 5.775 1.241 0 252 184 9 0 2 7.463
GAGGIANO 3.570 678 820 0 768 48 0 4 5.888
ABBIATEGRASSO 3.020 297 510 485 0 291 5 24 4.632
VIGEVANO 2.517 126 120 93 662 0 304 684 4.506
PARONA 117 5 9 5 21 446 0 305 908
MORTARA 1.196 36 18 17 109 1.276 233 0 2.885
TOTAL 41.349 11.632 8.093 2.631 2.751 2.256 556 1.170 70.438
 
Table 23: Potential users OD matrix in the Milano – Mortara line. 
With the Stated Preferences surveys, the writers of the study, could simulate 
the behaviour of the users in a hypothetical scenario, asking them their 
preferences if they had to choose between a certain numbers of possible 
scenarios. 
As it was defined with the indicator, the possible scenarios had three different 
transport mode choices: car, bus or train, with different characteristics defined 
by the explanatory variables, and thanks to the SP surveys is possible to tare 
the model by obtaining the value of the beta coefficients. The beta coefficients 
for that data are given in the table 24, and the probability with the calibrated 





















βTTb βCRb βPb βRTb
-0,0633 -0,1458 -0,9876 -0,0729
βTTt βCRt βPt βRTt






Table 24: Beta coefficients for the calibrated Logit model. 
The other data needed to apply the indicator are the explanatory variables of 
the three transport modes. These variables are the travel times, prices, station 
access and egress times and crowding of the public transport. Because of the 
big amount of data we will include them in the appendix. 
6.2. Application of the procedure 
Once the used data used is described is time to apply the procedure described 
on the previous chapter. The initial data is the OD matrix of potential users 
shown before in the table 23. As there are six stops in the arc, that means we 
will have to calculate six indicators for each one of the stops. The probability 
matrixes and the matrix for the calculation of each removed stop are in the 
correspondent appendix. Table 25 shows us the result of the first step in the 
procedure, that is the indicator Ii for each stop i in the Milano – Mortara line. 
There is also included a column with the percentage of variation in number of 
users, if removing one stop. Notice that the option of giving service to all the 
stops is the best choice among removing any of the intermediate stops. 
Stop i Ii (people) Variation %
CORSICO 18.750 -47,13







Table 25: Indicator, in number of users, for each stop. 
Next step is to rank the stops by number of users in order to be able to know 
the removal order of the stops. The highest position in the ranking is given to 
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the stop with the highest indicator Ii, that is the stop that when removed still 
allows the system to have the maximum number of users. Table 26 shows the 









Table 26: Stops ranked by their indicator 
Last step of the procedure is to calculate the Combinated Indicator when 
removing more than one stop. As we have six stops we need to calculate five 
more combinations. The first combination is with just one removed stop, so we 
already have the value of that CI1. In This case CI1, is the value of the indicator 
for Parona stop.  
The matrixes with the different combinations will be in the appendix, as well as 
the different matrixes for the probability PTT[t] because it changes depending on 
n, where n is the number of removed stations. 
Combinations Combinated Indicator Variation %
PARONA 35.134 -0,92
PARONA + VIGEVANO 33.467 -5,62
PARONA + VIGEVANO + ABBIATEGRASSO 29.746 -16,12
PARONA + VIGEVANO + ABBIATEGRASSO + GAGGIANO 26.555 -25,11
PARONA + VIGEVANO + ABBIATEGRASSO + GAGGIANO + TREZZANO 21.285 -39,98
PARONA + VIGEVANO + ABBIATEGRASSO + GAGGIANO + TREZZANO + CORSICO 1.389 -96,08
None 35.461
 
Table 27: Stops combinations according to the ranking and the value of their Combinated 
Indicator 
The green cell in table 27 indicates us the highest value of the Combinated 
Indicator from all the combinations. As it happened before with the indicator, the 
best case is not to remove any of the intermediate stops to have the maximum 
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demand in the train mode. A further discussion on that result will be done in the 
next section. 
6.3. Analysis of the results 
After applying the methodology to the real data we have to analyze the results 
to see if we obtained logical results. 
First of all, we should analyze the value of the Indicator for each stop. Note that 
the indicator and the ranking are in the same order than the position of the 
stops in the arc, this may be confusing but the result is not related to its position 
in the arc but in its number of users. If we take a look at table 28 we can see 
that the stops closer to Mortara are the smallest ones in number of users, and in 
Figure 20, we can see a graphic with the number of users and the Indicator. 
Then, the ranking results make sense. 


























Fig.20: Comparative of the number of users and Indicator in each stop 
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The second result to analyze is the Combinated Indicator obtained after the 
ranked stations. We just calculated one of the possible combinations for each 
number of removed stations, the best one in order to obtain the maximized 
number of users. The result was that the optimal solution is to keep all the 
intermediate stops in the system in order to get the maximum demand, even if 
the second option of removing Parona’s stop variates just 0’9% 
It is also interesting to take a look at the variations of the Indicator and the 
Combinated Indicator. For the indicator, we can see there’s a stop that is clearly 
important for the system, which is Corsico. If we remove Corsico we loose 
almost half of the users. This is due to the fact that Corsico is a peripheral town 
of Milano, the most important station, and it acts like a second station in the 
metropolitan area.  
For the variation of the Combinated Indicator we can appreciate that even if the 
best solution is maintaining all the stops, we could remove four out of six stops 
and lose just 25% of the users. This observation could be interesting if we were 
interested, for example. in reducing operational costs and wanted the minimum 
number of stops with the less loss of demand. This special situations will be 
discussed in the conclusions. 
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7. Conclusions and future investigations 
The objective of the thesis was to create a procedure to choose the 
intermediate stops in an arc depending on the potential demand. A procedure 
was written and tested in two kinds of data: some random data as an example 
and a real data from a railway system.  
Is immediate to come with the conclusion that the indicator is direct related with 
the number of users in each stop. But is also related with other factors of the 
railway system, taken into account by the Logit model (access and egress 
times, prices, stopping times, etc.). We saw that during the description and 
contrasting of the procedure, the indicator system works well for railway 
systems where modal choice is very dependent on the travel time. 
Even though, in this real data case the demand is not so variable depending on 
the travel time. Just removing few stops demand doesn’t increase, that means 
that users won’t change their choices just for few minutes. They would need 
some other important changes like and actual reduction of the travel time 
(maybe with faster trains) or easier access to the stops. This shows us that this 
study about the reduction of the stops is just one measure to take in order to 
improve railway systems.  
We saw that, talking in total amount of demand, the best choice is using all the 
intermediate stops, but analyzing it deeply we see that we could reduce four 
stops and lose just 25% of the demand. It would be interesting to analyze if 
changing some variables, like access time to stops, this variation could be 
reduced. This leads us to think about other possible uses of this indicators and 
the procedure, attaching it to other variables like operational costs. 
Some possible uses of the indicator can be connected to costs for the railway 
operator. If the costs need to be reduced, for example, is possible to see how 
many intermediate stops can get the service according to the budget and use 
the Combinated Indicator to see the best combination to choose. The same 
7. Conclusions and future investigations 
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reasoning could be done for the reduction of costs in staff and rolling stock 
planning.  
Another interesting use is related with the regular schedules. For example, in an 
arc where is needed to reduce a certain number of intermediate stops to reduce 
travel time to get better connections with the regular schedule in the nodes. 
With the Combinated Indicator we can calculate how many users will have the 
system reducing that number of stops and which will be the best options. 
To continue with the possible applications, we can suggest future investigations 
to develop other tools to improve the regular schedule. An interesting study 
could be the calculation of the number of intermediate stops optimizing the 
operational costs, which are also related with the number of passengers and the 
economical input from them. 
Other developments should be extend that procedure to a whole network, and 
be able to obtain the optimal number of intermediate stops in each arc to have 
the best regular schedule running in it. Using mathematical programming to 
develop that extension to the whole network would be another step forward on 
the optimizing procedure. Nowadays is possible to obtain regular schedules 
optimizing different factors by changing the objective function. The idea is to 
develop that software to introduce the concept of optimal number of 
intermediate stops. Going even further it would be interesting to study the 
creation of the service lines inside the whole network to optimize the number of 
stops and schedules. 
Parallel studies can be also focused in improving the number of stops in a 
specific time slot, like during the rush hours or valley hours, or studying if its 
worth to have different regular schedules during rush and valley hours. And 
improving the number of stops in different category of trains, like Intercities and 
how these interact between different level services.  
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Appendix: Data from the case study 


















































MILANO 0 9.249 4.759 1.338 822 171 14 141 16.494
CORSICO 25.154 0 1.857 441 185 15 0 10 27.662
TREZZANO S.N. 5.775 1.241 0 252 184 9 0 2 7.463
GAGGIANO 3.570 678 820 0 768 48 0 4 5.888
ABBIATEGRASSO 3.020 297 510 485 0 291 5 24 4.632
VIGEVANO 2.517 126 120 93 662 0 304 684 4.506
PARONA 117 5 9 5 21 446 0 305 908
MORTARA 1.196 36 18 17 109 1.276 233 0 2.885
TOTAL 41.349 11.632 8.093 2.631 2.751 2.256 556 1.170 70.438
 
Table 2 Beta coefficients for the calibrated Logit model. 
βTTc βc
-0,0633 -0,9876
βTTb βCRb βPb βRTb
-0,0633 -0,1458 -0,9876 -0,0729
βTTt βCRt βPt βRTt




















































MILANO 0 10 16 19 27 35 40 46
CORSICO 10 0 6 9 17 25 30 36
TREZZANO S.N. 16 6 0 3 11 19 24 30
GAGGIANO 19 9 3 0 8 16 21 27
ABBIATEGRASSO 27 17 11 8 0 8 13 19
VIGEVANO 35 25 19 16 8 0 5 11
PARONA 40 30 24 21 13 5 0 6
MORTARA 46 36 30 27 19 11 6 0
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Table 4 Crowding of the train in number of days in a week that the user can’t 















































MILANO 0 0 0 0 0 0 0 0
CORSICO 0 0 0 0 0 0 0 0
TREZZANO S.N. 0 0 0 0 0 0 0 0
GAGGIANO 0 0 0 0 0 0 0 0
ABBIATEGRASSO 0 0 0 0 0 0 0 0
VIGEVANO 0 0 0 0 0 0 0 0
PARONA 0 0 0 0 0 0 0 0
MORTARA 0 0 0 0 0 0 0 0
 
 
Table 5 Train ticket price for either ways or the monthly ticket divided by 22 
















































MILANO 0,00 4,60 5,30 5,30 5,30 6,10 7,50 8,90
CORSICO 4,60 0,00 2,60 3,30 4,60 6,10 6,80 7,50
TREZZANO S.N. 5,30 2,60 0,00 2,60 4,00 6,10 6,80 7,50
GAGGIANO 5,30 3,30 2,60 0,00 3,30 4,60 6,80 6,80
ABBIATEGRASSO 5,30 4,60 4,00 3,30 0,00 4,00 4,60 5,30
VIGEVANO 6,10 6,10 5,30 4,60 4,00 0,00 3,30 4,00
PARONA 7,50 6,80 6,80 6,10 4,60 3,30 0,00 3,30
MORTARA 8,90 7,50 7,50 6,80 5,30 4,00 3,30 0,00
 
 
Table 6 Access or egress time to the train station, using always the worst 














































MILANO 20 20 20 20 20 20 20 20
CORSICO 15 15 15 15 15 15 15 15
TREZZANO S.N. 15 15 15 15 15 15 15 15
GAGGIANO 15 15 15 15 15 15 15 15
ABBIATEGRASSO 20 20 20 20 20 20 20 20
VIGEVANO 20 20 20 20 20 20 20 20
PARONA 20 20 20 20 20 20 20 20





Table 7 Increasing of access or egress time to the station, using always the 















































MILANO 0 0 0 0 0 0 0 0
CORSICO 10 0 10 10 10 10 10 10
TREZZANO S.N. 6 6 0 6 6 6 6 6
GAGGIANO 6 6 6 0 6 6 6 6
ABBIATEGRASSO 12 12 12 12 0 12 12 12
VIGEVANO 10 10 10 10 10 0 10 10
PARONA 10 10 10 10 10 10 0 10
MORTARA 0 0 0 0 0 0 0 0
 
 
















































MILANO 0 18 29 35 50 64 74 85
CORSICO 18 0 11 17 31 46 55 66
TREZZANO S.N. 29 11 0 6 20 46 44 55
GAGGIANO 35 17 6 0 15 29 44 50
ABBIATEGRASSO 50 31 20 15 0 15 24 35
VIGEVANO 64 46 35 29 15 0 9 20
PARONA 74 55 44 39 24 9 0 11
MORTARA 85 66 55 50 35 20 11 0
 
 
Table 9 Crowding of the bus in number of days in a week that the user can’t 














































MILANO 0 0 0 0 0 0 0 0
CORSICO 0 0 0 0 0 0 0 0
TREZZANO S.N. 0 0 0 0 0 0 0 0
GAGGIANO 0 0 0 0 0 0 0 0
ABBIATEGRASSO 0 0 0 0 0 0 0 0
VIGEVANO 0 0 0 0 0 0 0 0
PARONA 0 0 0 0 0 0 0 0
MORTARA 0 0 0 0 0 0 0 0
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Table 10 Bus ticket price for either ways or the monthly ticket divided by 22 
















































MILANO 0,00 5,52 6,36 6,36 6,36 7,32 9,00 10,68
CORSICO 5,52 0,00 3,12 3,96 5,52 7,32 8,16 9,00
TREZZANO S.N. 6,36 3,12 0,00 3,12 4,80 7,32 8,16 9,00
GAGGIANO 6,36 3,96 3,12 0,00 3,96 5,52 8,16 8,16
ABBIATEGRASSO 6,36 5,52 4,80 3,96 0,00 4,80 5,52 6,36
VIGEVANO 7,32 7,32 6,36 5,52 4,80 0,00 3,96 4,80
PARONA 9,00 8,16 8,16 7,32 5,52 3,96 0,00 3,96
MORTARA 10,68 9,00 9,00 8,16 6,36 4,80 3,96 0,00
 
 
Table 11 Access or egress time to the bus station, using always the worst 














































MILANO 20 20 20 20 20 20 20 20
CORSICO 15 15 15 15 15 15 15 15
TREZZANO S.N. 15 15 15 15 15 15 15 15
GAGGIANO 15 15 15 15 15 15 15 15
ABBIATEGRASSO 20 20 20 20 20 20 20 20
VIGEVANO 20 20 20 20 20 20 20 20
PARONA 20 20 20 20 20 20 20 20
MORTARA 20 20 20 20 20 20 20 20
 
 
















































MILANO 0 16 26 31 44 57 65 75
CORSICO 16 0 10 15 28 41 49 59
TREZZANO S.N. 26 10 0 5 18 41 39 49
GAGGIANO 31 15 5 0 13 26 39 44
ABBIATEGRASSO 44 28 18 13 0 13 21 31
VIGEVANO 57 41 31 26 13 0 8 18
PARONA 65 49 39 34 21 8 0 10




















































MILANO 0,00 5,52 6,36 6,36 6,36 7,32 9,00 10,68
CORSICO 5,52 0,00 3,12 3,96 5,52 7,32 8,16 9,00
TREZZANO S.N. 6,36 3,12 0,00 3,12 4,80 7,32 8,16 9,00
GAGGIANO 6,36 3,96 3,12 0,00 3,96 5,52 8,16 8,16
ABBIATEGRASSO 6,36 5,52 4,80 3,96 0,00 4,80 5,52 6,36
VIGEVANO 7,32 7,32 6,36 5,52 4,80 0,00 3,96 4,80
PARONA 9,00 8,16 8,16 7,32 5,52 3,96 0,00 3,96
MORTARA 10,68 9,00 9,00 8,16 6,36 4,80 3,96 0,00
 
 
















































MILANO 0,417 0,514 0,545 0,626 0,732 0,816 0,882
CORSICO 0,489 0,352 0,415 0,564 0,709 0,776 0,837
TREZZANO S.N. 0,587 0,352 0,323 0,470 0,781 0,729 0,799
GAGGIANO 0,618 0,415 0,323 0,405 0,553 0,765 0,753
ABBIATEGRASSO 0,626 0,489 0,398 0,337 0,368 0,448 0,545
VIGEVANO 0,732 0,643 0,545 0,479 0,368 0,309 0,398
PARONA 0,816 0,718 0,665 0,604 0,448 0,309 0,318
MORTARA 0,882 0,790 0,745 0,692 0,545 0,398 0,318
 
 
Table 15 Probability of train trips when removing one stop, for the users not 
















































MILANO 0,463 0,561 0,591 0,669 0,768 0,843 0,901
CORSICO 0,537 0,396 0,462 0,610 0,747 0,807 0,861
TREZZANO S.N. 0,632 0,396 0,366 0,518 0,812 0,765 0,828
GAGGIANO 0,661 0,462 0,366 0,451 0,599 0,797 0,787
ABBIATEGRASSO 0,669 0,537 0,444 0,380 0,414 0,495 0,591
VIGEVANO 0,768 0,685 0,591 0,526 0,414 0,351 0,444
PARONA 0,843 0,755 0,706 0,648 0,495 0,351 0,361
MORTARA 0,901 0,820 0,780 0,731 0,591 0,444 0,361
 




Table 16 Probability of train trips when removing two stops, for the users not 
















































MILANO 0,511 0,607 0,636 0,710 0,800 0,866 0,916
CORSICO 0,583 0,443 0,509 0,654 0,781 0,835 0,882
TREZZANO S.N. 0,675 0,443 0,411 0,565 0,839 0,797 0,853
GAGGIANO 0,703 0,509 0,411 0,498 0,644 0,826 0,817
ABBIATEGRASSO 0,710 0,584 0,492 0,426 0,460 0,542 0,636
VIGEVANO 0,800 0,725 0,636 0,573 0,460 0,395 0,492
PARONA 0,866 0,789 0,744 0,690 0,542 0,395 0,406
MORTARA 0,916 0,846 0,811 0,767 0,636 0,492 0,406
 
 
Table 17 Probability of train trips when removing three stops, for the users not 
















































MILANO 0,558 0,651 0,679 0,747 0,829 0,887 0,930
CORSICO 0,629 0,490 0,556 0,695 0,812 0,860 0,901
TREZZANO S.N. 0,715 0,490 0,458 0,611 0,863 0,826 0,876
GAGGIANO 0,741 0,556 0,458 0,546 0,686 0,852 0,844
ABBIATEGRASSO 0,747 0,629 0,539 0,473 0,508 0,589 0,679
VIGEVANO 0,829 0,761 0,679 0,619 0,508 0,442 0,539
PARONA 0,887 0,818 0,778 0,729 0,589 0,442 0,452
MORTARA 0,930 0,869 0,838 0,799 0,679 0,539 0,452
 
 
Table 18 Probability of train trips when removing four stops, for the users not 
















































MILANO 0,604 0,693 0,719 0,782 0,854 0,905 0,941
CORSICO 0,672 0,537 0,603 0,734 0,839 0,881 0,916
TREZZANO S.N. 0,752 0,537 0,505 0,655 0,884 0,852 0,895
GAGGIANO 0,775 0,603 0,505 0,592 0,726 0,874 0,867
ABBIATEGRASSO 0,782 0,672 0,586 0,521 0,555 0,634 0,719
VIGEVANO 0,854 0,794 0,719 0,663 0,555 0,489 0,586
PARONA 0,905 0,845 0,809 0,765 0,634 0,489 0,499





Table 19 Probability of train trips when removing five stops, for the users not 
















































MILANO 0,649 0,732 0,756 0,812 0,876 0,920 0,951
CORSICO 0,712 0,584 0,647 0,770 0,863 0,900 0,930
TREZZANO S.N. 0,786 0,584 0,552 0,696 0,902 0,874 0,911
GAGGIANO 0,807 0,647 0,552 0,637 0,762 0,894 0,888
ABBIATEGRASSO 0,812 0,713 0,631 0,568 0,601 0,677 0,756
VIGEVANO 0,876 0,823 0,756 0,704 0,601 0,536 0,631
PARONA 0,920 0,868 0,837 0,798 0,677 0,536 0,547
MORTARA 0,951 0,907 0,883 0,853 0,756 0,631 0,547
 
 
Table 20 Probability of train trips when removing six stops, for the users not 
















































MILANO 0,691 0,767 0,789 0,839 0,895 0,933 0,959
CORSICO 0,750 0,629 0,689 0,801 0,884 0,915 0,941
TREZZANO S.N. 0,816 0,629 0,599 0,735 0,918 0,894 0,926
GAGGIANO 0,835 0,689 0,599 0,680 0,795 0,910 0,905
ABBIATEGRASSO 0,839 0,750 0,674 0,614 0,646 0,717 0,789
VIGEVANO 0,895 0,849 0,789 0,742 0,646 0,583 0,674
PARONA 0,933 0,889 0,861 0,827 0,717 0,583 0,593
MORTARA 0,959 0,922 0,902 0,876 0,789 0,674 0,593
 
 
Table 21 Probability of train trips when removing a stop, for the users using the 
















































MILANO 0,095 0,285 0,371 0,400 0,483 0,604 0,712 0,807
CORSICO 0,205 0,123 0,127 0,160 0,258 0,397 0,483 0,580
TREZZANO S.N. 0,339 0,164 0,123 0,147 0,242 0,563 0,492 0,589
GAGGIANO 0,368 0,204 0,147 0,123 0,197 0,308 0,539 0,524
ABBIATEGRASSO 0,280 0,182 0,133 0,106 0,095 0,119 0,159 0,218
VIGEVANO 0,424 0,327 0,244 0,198 0,136 0,095 0,107 0,151
PARONA 0,544 0,407 0,348 0,291 0,179 0,107 0,095 0,112
MORTARA 0,807 0,677 0,620 0,557 0,400 0,270 0,207 0,095
 




















































MILANO 0 0 2.669 792 551 132 12 128 4.284
CORSICO 0 0 0 71 48 6 0 6 131
TREZZANO S.N. 3.651 0 0 82 87 8 0 2 3.830
GAGGIANO 2.362 138 265 0 311 27 0 4 3.107
ABBIATEGRASSO 2.022 55 204 164 0 108 3 14 2.570
VIGEVANO 1.933 42 66 45 244 0 94 273 2.697
PARONA 99 3 6 4 10 138 0 98 358
MORTARA 1.078 25 14 12 60 509 75 0 1.773
TOTAL 11.145 263 3.224 1.170 1.311 928 184 525 18.750
 
 


















































MILANO 0 3.854 1.765 792 551 132 12 128 7.234
CORSICO 12.303 0 0 204 113 12 0 9 12.641
TREZZANO S.N. 1.956 0 0 0 45 6 0 2 2.009
GAGGIANO 2.362 314 0 0 311 27 0 4 3.018
ABBIATEGRASSO 2.022 160 69 164 0 108 3 14 2.540
VIGEVANO 1.933 87 30 45 244 0 94 273 2.706
PARONA 99 4 4 4 10 138 0 98 357
MORTARA 1.078 30 12 12 60 509 75 0 1.776
TOTAL 21.753 4.449 1.880 1.221 1.334 932 184 528 32.281
 
 


















































MILANO 0 3.854 2.444 536 551 132 12 128 7.657
CORSICO 12.303 0 654 71 113 12 0 9 13.162
TREZZANO S.N. 3.390 437 0 0 96 8 0 2 3.933
GAGGIANO 1.314 138 0 0 0 15 0 3 1.470
ABBIATEGRASSO 2.022 160 227 0 0 108 3 14 2.534
VIGEVANO 1.933 87 71 19 244 0 94 273 2.721
PARONA 99 4 7 2 10 138 0 98 358
MORTARA 1.078 30 15 10 60 509 75 0 1.777
























































MILANO 0 3.854 2.444 730 397 132 12 128 7.697
CORSICO 12.303 0 654 184 48 12 0 9 13.210
TREZZANO S.N. 3.390 437 0 82 45 8 0 2 3.964
GAGGIANO 2.205 282 265 0 0 29 0 4 2.785
ABBIATEGRASSO 846 55 69 0 0 0 1 6 977
VIGEVANO 1.933 87 71 49 0 0 94 273 2.507
PARONA 99 4 7 4 4 138 0 98 354
MORTARA 1.078 30 15 13 44 509 75 0 1.764
TOTAL 21.854 4.749 3.525 1.062 538 828 182 520 33.258
 
 


















































MILANO 0 3.854 2.444 730 515 104 12 128 7.787
CORSICO 12.303 0 654 184 105 6 0 9 13.261
TREZZANO S.N. 3.390 437 0 82 87 6 0 2 4.004
GAGGIANO 2.205 282 265 0 311 15 0 4 3.082
ABBIATEGRASSO 1.891 146 204 164 0 0 3 15 2.423
VIGEVANO 1.067 42 30 19 0 0 0 104 1.262
PARONA 99 4 7 4 11 0 0 98 223
MORTARA 1.078 30 15 13 65 345 75 0 1.621
TOTAL 22.033 4.795 3.619 1.196 1.094 476 90 360 33.663
 
 


















































MILANO 0 3.854 2.444 730 515 126 10 128 7.807
CORSICO 12.303 0 654 184 105 11 0 9 13.266
TREZZANO S.N. 3.390 437 0 82 87 8 0 2 4.006
GAGGIANO 2.205 282 265 0 311 27 0 4 3.094
ABBIATEGRASSO 1.891 146 204 164 0 108 1 15 2.529
VIGEVANO 1.844 82 66 45 244 0 0 305 2.586
PARONA 64 3 4 2 4 0 0 0 77
MORTARA 1.078 30 15 13 65 568 0 0 1.769






Choosing intermediate train stops adaptative to potential demand in a regular timetable service 
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MILANO 0 3.854 2.444 730 515 104 10 130 7.787
CORSICO 12.303 0 654 184 105 6 0 9 13.261
TREZZANO S.N. 3.390 437 0 82 87 6 0 2 4.004
GAGGIANO 2.205 282 265 0 311 15 0 4 3.082
ABBIATEGRASSO 1.891 146 204 164 0 0 1 16 2.422
VIGEVANO 1.067 42 30 19 0 0 0 104 1.262
PARONA 64 3 4 2 4 0 0 0 77
MORTARA 1.097 31 15 14 70 345 0 0 1.572
TOTAL 22.017 4.795 3.616 1.195 1.092 476 11 265 33.467
 
 



















































MILANO 0 3.854 2.444 730 397 0 10 132 7.567
CORSICO 12.303 0 654 184 48 0 0 10 13.199
TREZZANO S.N. 3.390 437 0 82 45 0 0 2 3.956
GAGGIANO 2.205 282 265 0 0 0 0 4 2.756
ABBIATEGRASSO 846 55 69 0 0 0 0 6 976
VIGEVANO 0 0 0 0 0 0 0 0 0
PARONA 64 3 4 2 0 0 0 0 73
MORTARA 1.113 32 16 14 44 0 0 0 1.219
TOTAL 19.921 4.663 3.452 1.012 534 0 10 154 29.746
 
 
Table 30 Matrix of train users if removing GAGGIANO, ABBIATEGRASSO, 


















































MILANO 0 3.854 2.444 536 0 0 10 133 6.977
CORSICO 12.303 0 654 71 0 0 0 10 13.038
TREZZANO S.N. 3.390 437 0 0 0 0 0 2 3.829
GAGGIANO 1.314 138 0 0 0 0 0 3 1.455
ABBIATEGRASSO 0 0 0 0 0 0 0 0 0
VIGEVANO 0 0 0 0 0 0 0 0 0
PARONA 64 3 4 0 0 0 0 0 71
MORTARA 1.126 33 16 10 0 0 0 0 1.185





Table 31 Matrix of train users if removing TREZZANO S.N., GAGGIANO, 


















































MILANO 0 3.854 1.765 0 0 0 10 135 5.764
CORSICO 12.303 0 0 0 0 0 0 10 12.313
TREZZANO S.N. 1.956 0 0 0 0 0 0 2 1.958
GAGGIANO 0 0 0 0 0 0 0 0 0
ABBIATEGRASSO 0 0 0 0 0 0 0 0 0
VIGEVANO 0 0 0 0 0 0 0 0 0
PARONA 64 3 0 0 0 0 0 0 67
MORTARA 1.138 33 12 0 0 0 0 0 1.183
TOTAL 15.461 3.890 1.777 0 0 0 10 147 21.285
 
 
Table 32 Matrix of train users if removing CORSICO, TREZZANO S.N., 


















































MILANO 0 0 0 0 0 0 10 136 146
CORSICO 0 0 0 0 0 0 0 6 6
TREZZANO S.N. 0 0 0 0 0 0 0 0 0
GAGGIANO 0 0 0 0 0 0 0 0 0
ABBIATEGRASSO 0 0 0 0 0 0 0 0 0
VIGEVANO 0 0 0 0 0 0 0 0 0
PARONA 64 0 0 0 0 0 0 0 64
MORTARA 1.148 25 0 0 0 0 0 0 1.173
TOTAL 1.212 25 0 0 0 0 10 142 1.389
 
 
